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Lignin is the main area of study in the wood industry. The property of good
quality paper is based on the amount of lignin removal occurring during the
delignification process. Lignin is a complex, cross-linked polymer based on various
substituted p-hydroxyphenyl propane units found in the cell walls of trees. The
understanding of lignin chemistry is still widely unknown. However, new scientific
methodologies shifting environmental and ecological concerns are shifting the concern
from the pulping industry to establishing biofuels and medicinal uses.
Global warming is one of the ecological concerns or conditions that is the subject
of research and development (R&D). R&D investigations are observing how the increase
of carbon dioxide caused by global warming and other factors will affect the earth and its
habitation. An eighteen-year sequester project was conducted to evaluate the affect of
CO2 on the biochemical composition in trees. Preliminary sequester results were
performed during the growth stage of the project. Some of the changes during the project
suggested the biochemical composition of the trees were altered during the earlier stages
of the study. The trees were sacrificed in 2005 and lignin and extractives were collected.
The initial study of the biochemical composition was performed in 2004 and continued in
2005 using nuclear magnetic resonance (NMR) and Fourier Transform Infra-Red (FTIR).
Based on the comparison of the literature reviews, change in the composition using NMR
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was not notice. However, looking at FTIR, there were noticeable changes in the
concentration of lignin composition. These spectroscopies look at lignin as a whole and
this research concentrates on lignin individual degradation components.
Literature has shown that gas chromatography has been used widely to study
lignin components,13 but due to the non-volatile components and gas chromatography
limitations, it has been difficult to separate and to get a full view of the lignin
components.4 Over twenty years ago, Giddings developed the concept5 and Phillip
created6 the technique for the concept called two-dimensional gas chromatography
(2DGC) later called GCXGC. Giddings believed that one dimensional gas
chromatography (1DGC) methods were not powerful enough for truly complex mixtures.
But he understood two-dimensional (2D) technology would be the start of a technology
powerful enough to separate complex mixtures.5
GCXGC is one of the analytical approaches being used to characterize and
identify the lignin components in trees. One big question is how to quickly determine
column combination. One idea of noteworthy prediction is Kovats Indices. The
separation through the use of retention index data was used in the history of gas
chromatography. Kovats used retention indices to recognize that reproducibility of
retention was a fundamental parameter for identifying and quantifying the elution
position of a compound against neighboring members of a homologous series. From this
concept, a 2D chromatography analysis was developed and presented by Dimandja at the
99th Gulf Coast Conference in 2003. The presentation was on the prediction of GCXGC
separation through the use of retention index data. However, this presentation led to
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Seeley modification of Dimandja’s theory to create a mathematical model for better
predictive plots.
The second method as an alternative analysis method is called capillary
electrophoresis, qoupled with Mass Spectroscopy (CE-MS). During the course of
developing a method for GCXGC an alternative method was developed for lignin
components. Capillary zone electrophoresis (CZE) can be used for lignin components
but for some of the neutral lignin components micellar electrokinetic capillary
chromatography (MEKC) was employed to enable separation of electrically neutral
analytes.4 Addition of a micelle-forming reagent to the carrier electrolyte will enhance
and allow separation of neutral analytes. In past literature, sodium dodecylsulfate (SDS)
has been the micelle forming reagent used in the study of lignin.4 In this project, poly
sodium N-undecenoxycarbonyl-L-leucinate (poly-L-SUCL) as employed as micelle
forming reagent. Akbay et al, investigated the affect of physicochemical properties
increase with an increase in hydrophobicity of chain length using poly-L-SUCL as one of
the surfactants.7’ 8 This investigation had several unique results but the one that affects
this project is poly-L-SUCL affinity for hydrogen bonded donor (HBD) and hydrogen
bonded acceptor (HBA) species.
The objectives of this research are the developments of analytical methodologies
that can be utilized for the characterization and identification of lignin components. The
project goals are discussed further throughout this dissertation.
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CHAPTER TWO
II. LIGNIIN BACKGROUND REVIEW
The field of wood chemistry research has been in existence for over a 100 years.
During these years the structure of neither lignin nor polymerization is fully understood.
The study of lignin is partially driven by the pulping technology which focuses on the
degradation and chemical modification to improve pulping properties. The combining of
the field of biotechnology and material science novel experimental protocols with
modern and traditional structural analysis techniques are expanding possibilities for
recognizing the true structure of lignin. The low cost of materials continue to energize
research into identifying and developing new lignin based products.
For 18 years carbon sequestration on sour orange trees have been under
investigation to look at increased CO2 level affect on the physical and chemical
composition of wood components. This is one of the longest carbon sequestration
experiments conducted. The increasing of levels of CO2 could have either a positive or a
negative affect on the chemistry and the structure of lignin.
2.1 Wood Components
Wood is an important industrial raw material and one of the few renewable
natural resources.1 There are two general classes of wood, soft and hard. Softwood trees
are southern pine, douglas fir and spruce. The hardwood trees are the trees that their
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leaves every year, for example birch, aspen and red gum. The wood components are
extraneous materials and cell wall compounds. Table 2.1 lists the contents in hardwood
and softwood fibres.
Table 2.1 Characteristics of softwood and hardwood fibres
Softwood Hardwood
[Cellulose content 42% +1- 2% 45% +1- 2%
Lignin content 28% +1- 3% 20% +1- 4%
Extractives content 1 3°~’~ +1- 2% 5% +1- 3%
~ Fibre length 2-6 mm 0.6-1.5 mm
~ Coarseness 15-35 mg/i 00 mm 5-10 mg/lOOm
Extraneous materials (extractives) are resins, fatty acids, alcohols, phenolics
minerals, proteinaceous and pectic. Extractives are used to identify trees.’ A number of
woods like cherry, walnut, and mahogany are given their colors because of the
extractives which makes them very valuable for furniture. These chemical compounds
(extractives) are not part of the wood but accumulates during the growth process. Some
extractives are used as a defense mechanism to stop decay in some trees. The cell wall is
a composite of mainly three types of biopolymers: cellulose, hemicellulose and lignin.
Cellulose constitutes approximate one half of the wood substance (45-50% by weight). It
is a long (5000-10,000 monomeric units), straight-chain homopolymer that consist of
glucose molecules that are linked by 1,4-glycosidic bonds. Cellulose is accompanied
with other polysaccharides called hemicellulose (20-25%). Hemicelluloses have a lower
degree of polymerization than cellulose (150-200 monomeric units), and may be straight
or branched chains of five or six carbon ring sugars. Lignin is also a major component of
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it’s dry weight percentage is 26-32% in softwood and about 20-25% in hardwoods.2 This
literature review will focus on the study of lignin.
2.1.1 Lignin Background
Lignin is the second most abundant organic substance on earth after cellulose.
Lignin can be found in woody plants and grasses. The plant stem is stiffened to
withstand forces of gravity and provides plant with protection barriers against the attack
of microorganism.3 The cell walls and middle lamella tissue of most plants and woody
species have lignin involved in the mechanical support and water transport like phloem
fibres, scherenchyma cells and mainly in the xylem tissues (Figure 2.1).
L ______
Secondary wall (S3~ — —
Secondary wall (52) ‘
• S~coridary wafl (Si) ~ I
• primary wall ~
lvliddle lair~ella
Figure 2.1 The diagram of wood plant cell wall layers.4
The removal of lignin during the chemical pulping of wood is one of the 10 largest
industrial activities in North America. It is still a mystery how the lignin modification,
depolymerization, and solubilization mechanism works during pulping processes.3
Lsgr. fl
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2.1.1.1 Lignin Structural Models and Chemistry
The understanding of the lignin structure, process of formation and analytical
recognition is important. Lignin is a complex cross-linked polymer based on various
substituted p-hydroxyphenyl propane units. They mainly form from the trans-isomers of
the three primary precursors: p-coumaryl alcohol, coniferyl alcohols, and sinapyl alcohol
(Figure 2.2).~’ ~ The monomeric precursors (lignin polymer) are classified in three parts
when found in softwood, hardwood and grass:
• Guaiacyl lignins (G) — it is predominantly polymerized from the coniferyl
alcohol found mostly in softwoods.
• Guaiacyl-Syringyl lignins (GS) — typically found in hardwoods and are
composed of coniferyl alcohol and sinapyl alcohol.
• Guaiacyl-Syringyl-p-Hydroxyphenyl (GSH) — small amounts of the
hydroxyphenyl unit is found in grass.
They are also described as aromatic polymers of methoxylated phenylpropanoid units,
connected by ether linkages and carbon-carbon bonds.








Figure 2.2 Lignin building units primary precursors.3
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Several molecular models of lignin have been proposed giving some idea as to the
complexity of lignin (Figure 2.3 and 2.4). The structure of native lignin has never been
fully elucidated due to the inability to quantify isolated lignin from wood without causing









Figure 2.3 Proposed structural model of spruce lignin by Freudenberg (1968).~
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varies depending on the tree species and the part of the tree the wood is sampled. The
best isolation procedure is the preparation of milled wood lignin (MWL) (will be
discussed later in paper). The most abundant linkage found in lignin is B-O-4 type which
is about 50% of the total of linkages in softwood lignin. All common linkages are in




Figure 2.4 Proposed structural model of spruce lignin by Adler (1977).~
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importance is the dibenzodioxocin (5-5-0-4) structure (Figure 2.5). Research showed
that in mature spruce xylem cells, the lignin in all cell wall layers (middle lamella,
primary cell wall and Si and S2+S3 layers of secondary wall) contained dibenzodioxocin
linkages. It is most abundant in the secondary wall (S2+S3). The inner workings of
wood has been investigated thoroughly enough so the wood industry would improve its
paper making business. However, understanding lignin and its components are still under
investigation.









Lignin has been studied due to the wood industry wanting better quality of paper.
But lignin has many other uses for humans in a curative capacity. Lignophenolic
derivatives have been investigated as a curative method for some medical diagnosis.
Human immunodefiency virus type 1 (HIV-1) is a cytophathic retrovirus and the primary
ethiological agent of acquired immunodeficiency syndrome (AIDS).6 There are other
diseases such as inflammation, cancer and Crohn’s disease that are related to this virus as
well. Low molecular weight lignin was used to suppress the activation of NF-KB and
HIV-1 promoter. Lignin linkages carbon — carbon (5,5) or ether bonds (B-O-5) are some
of the structural linkages compromised of lignin. Lignin extracts for natural products
have been documented as anti-HIV activities toward cultured cell. A synthetic lignin
polymer has been shown a suppression effect in vivo. The mechanism of the inhibition
of lignin on HIV- 1 replication is still unknown.6
Another study was conducted on the use of lignophenolic to protect against
neurodegenerative diseases. This study converted the lignophenolics into a highly activel
derivative with antioxidant activity by using a phase separation technique. Bamboo
lignin was used and it exhibited the most potent neuroprotective activity against hydrogen
peroxide (H202)-induced apoptosis in human neuroblastoma cell line SH-SY5Y cell.7
The data showed the bamboo lignin 8 (Carboxymethylated lignin) as a promising
neuroprotector.7
Not only are the low molecular lignophenolic compounds being used for
medicinal use but a lignin sulfate was used as therapeutic macromolecules for the
treatment of herpes simplex virus-i (HSV- 1). The study was investigating synthetic
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mimics of heparin sulfate which was used to prevent HSV infection.8 Thus a clear
understanding of lignin components and structure is important in the medicinal arena.
2.1.3 BioFuel Lignin
In the 21st century, there is the high pursuit of developing alternative sources of
fuel. Lignin may be a non-tapped source of fuel that can give independence to foreign
fuel.9 Scientists at Plant Science Institute at Iowa State University are looking at
modifying feedstocks so conversion to ethanol is more readily prepared. They are
modifying lignin composition in corn that will allow enzymes used in processing plant
biomass to more easily access to the cellulose and hemicellulose.’° Fang Chen et al
studied how these modifications can improve biofuel production.” Researchers at the
Polytechnique Federale de Lausanne, Switzerland converted sawdust into the chemical
precursors of ethanol and biodiesel.’2 Lignin C-O-C bonds are the key to unlocking the
smaller hydrocarbons which in return will produce alkanes and alcohols.9 These are the
components needed to generate the main components of gasoline and diesel. There are
eco-benefits to replacing gasoline and oils with bio-fuels. They are:
• It will decrease our dependency on foreign oils
• Agricultural crops fuels are renewable and are typically domestically produced
• Ethanol uses for fuel does not contribute to global warming since it emits back
into the environment carbon dioxide
2.2 Global Warming (Greenhouse Effect)
Elevated CO2 is a condition that is on the rise and research and development is
being done to determine how it will affect the earth and its habitation. The source of the
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elevated of CO2 is emissions by human activity and the result is the greenhouse effect
(Figure 2.6). The earth receives most of it energy as radiation from the Sun. The energy
is electromagnetic radiation in the visible spectrum, with small amount in the infrared
(IR) and ultra-violet (UV) wavelength region. The solar energy passes through the
atmosphere and the earth surface absorbs the solar energy. The earth then releases IR
radiation back into the atmosphere which escapes into space or is absorbed by the gases
in the atmosphere. The gases in the atmosphere are nitrogen and oxygen with small
amounts of water vapor, carbon dioxide, nitrous oxide, and methane. The absorbed
infrared radiation by the gases re-radiate the energy as heat back towards the earth
causing a warming known as the greenhouse effect.
a~osPhe~ :~ 7~
Figure 2.6 The illustration of the Greenhouse Effect. (columbia.edukvjd 1 /carbon.htm)
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2.2.1 Forest Effect
The multi-billion dollar wood industry is strongly impacted due to the climate
warming. The forest with high temperatures and precipitation changes causes forest fires,
diseases and insect damage. Researchers at the Scripps Institution of Oceanography and
the University of Arizona found four times as many large wildfires occurred in Western
forests between 1987 and 2003 compared to the previous 16 years.’3 The more recent
fires burned 6.5 times more land, the average duration of the fires increased from 7.8 to
37 days, and the overall fire season during those years grew by an average of 78 days.
This change corresponds to when a 1.5 degree rise in temperature through out the
Western America was observed.’3
Fungal diseases are also affecting wood industry. Fusiform rust, caused by the
fungus Cronartium fus~forme is distributed through the Southern United States from
Maryland to Florida and west to Texas and southern Arkansas. This fungal disease
attacks several southern pines but it especially damages slash pine (Pinus elliottii var.
eiiottii Englem.) and loblolly pine (Pinus taeda L.). The revenue lost from this disease is
estimated at $35 million annually. It is estimated that 562 million board feet of
sawtimber and 194 million cubic feet of growth stock is lost is lost. Stumpage losses are
valued at $28 million annually.
2.2.2 Scientist Carbon Sequestration Study
A 4-year experiment was conducted to see how much CO2 trees would absorb
from the atmosphere when pollution has raised levels of the gas. Global CO2 emissions
are expected to double from car exhaust and industry by 2050. They found from the
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study that trees do have the ability to lock up 27 percent of CO2 but it will only absorb 10
percent of human generated CO2.’4 The study was being used to contradict the studies
that say trees will soak up large amounts of CO2. This study did not look at biochemical
function of the tree to see how the trees were able to absorb the CO2 Neither did they take
into account whether there were any chemical structural changes occurring to cause this
absorption.
2.3 Sour Orange Carbon Sequestration Project
Trees have the longevity and the ability to store carbon in their boles.
Understanding how trees are affected by long-term increase in atmospheric CO2 is
important to understanding, the future impact of global climate change.15 In July 1987
long-term C02-enrichment study was started on sour orange trees (Citrus Aurantium L.).
Sour orange trees have been around since 310 B.C. Citrus research has been investigated
between 1870’s and 1880’s by research scientists at universities and U.S. Department of
Agriculture.’6 Sour orange is an ornamental tree often used for rootstocks in the
commercial citrus orchards because of its disease and frost resistances. Citrus Aurantium
L in the medicinal area is known for suppressing diabetes Type II, ulcers, glucosuria, and
gastrointestinal hemorrhage and cancer.1 7-19
The sour orange project consisted of four trees grown in elevated CO2 and the
other four in ambient condition. These trees were grown from seedling stage in four
identical vented, opened top with plastic wall chambers in Phoenix, Arizona.20 The
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Non- Enriched CO2 Enriched CO2
chambers were constructed around the pairs of trees (Figure 2.7). The initial chambers
diameters were 5.3 m L x 2.6m W x 2.Om H. The chambers were periodically enlarged
until final diameters were 6.3m L x 5. im W x 9.Om H. The concentration of the enriched
chambers were 300 ~imo1!mo1 above the ambient condition.2° This C02-enrichment
experiment was the longest running sequestering experiment done to date, but due to
laboratory relocation the sour orange trees were sacrificed February 2005. There were
several objectives for the sacrificed trees but the objectives for this study were to
determine if there were any significant changes in the biochemical composition such as
lignin. This is important because implications of change in lignin and other compounds
will alter resistance to decomposition. This study will be used to refine, validate tree
growth and the predict effects of global change for the future forest and tree crops.
Enriched CO2
U U
Figure 2.7 The Sour Orange chambers of enriched and non-enriched.
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2.3.1 Pre-analysis of Chemical Composition of Lignin
In 2004 and 2005 samples of sour orange trees branches were analyze using
Carbon 13 Nuclear Magnetic Resonance (‘3C NMR). Eight sour orange tree samples
went through the milled wood lignin process. The extraction process is discussed in
Chapter 4. The lignin was extracted and acetylated. The lignin was analyzed by ‘3C
NMR and Fourier Transformer Infra-Red (FTIR) (Figure 2.8 and 2.11). The literature
was used to compare the ‘3C NMR result to the enriched lignin.21’ 22 The common
linkages of lignin were identified in the enriched and the non-enriched lignin (Figure
2.9). In Figure 2.9 at 93 ppm there is a peak observed in the non-enriched spectrum but
not in the enriched spectrum. There are other differences in the intensity of the peaks
between the enriched and the non-enriched. In Figure 2.10 are the methoxyl ranges. The
guaiacyl with the methoxy on the two position is between 115.2 to 110.1 ppm and the six
position is between 127.1-115.2 ppm. The syringyl is between 110.1-100.1 ppm. The
integration was done on the guaiacyl and syringyl ranges. The t-test was used and the t
value calculated was greater than the critical value of t at the selected level of certainty,
the null hypothesis was rejected. This proved there are differences between the enriched
and non-enriched lignin.
Figure 2.8 ‘3C NMR of enriched and non enriched CO2.
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Figure 2.9 The aliphatic range of C’3 NMR labeling common linkages found in lignin
for the enriched and non-enriched CO2.
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Figure 2.10 The aromatic range of C’3 NMR labeling guaiacyl 2 and 6 position (115.2 to
110.1 ppm and 127.1-115.2 ppm) and syringyl (110.1-100.1 ppm) for the enriched and
non-enriched CO2.
The lignin analysis FTIR was analyzed in 2008. The enriched and non-enriched
lignin vibration functional groups are identified in spectra (Figure 2.12). The vibrational
functional groups are listed below.
• carbonyl group (C=O) conjugated to aromatic ring (1665-1680 cm-i)
• aromatic ring with C=O stretching (1595 cm-i)
• aromatic ring with C—O stretching (1510 cm-i)


















The results from 2004 and 2005 showed there were differences between the enriched and
non-enriched, but the analysis could not identify which components were causing the
significant differences in the lignin.
The characterization of lignin has been well investigated using the ‘3C NMR,
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CHAPTER THREE
III. GCXGC LITERATURE REVIEW
3.1 Development of Chromatography
Chromatography is accepted as a routine analytical technique in chemistry,
biology, medical pharmaceutical and environmental studies and in quality control. A list
of twelve Nobel Prizes between 1937 and 1972 was based upon work in which
chromatography played a vital role.’ Micheal Tswett (Mikhail Semenovich Tswett 1872-
1919), a Russian chemist and botanist over a hundred years ago used chromatography to
describe his work. His work separated coloured planted pigments into colored bands on a
column of chalk and other materials. Chromatography comes from the Greek words for
colour “chroma” and writes “graphein”. It was 21 years after Tswett’s death that Lederer
in the 1930’s, and others, saw the significance of his work. In 1937 Zechmeister
published the first book on chromatography which included Tswett’s study on plant
pigment, carotenoids and xanthophylls.2
From the 1940’s to 1950’s, ion exchange partition, column chromatography and
the initial studies of gas adsorption chromatography were developed. Tswett stated in
1906 that chromatography is a method in which the components of a mixture are
separated on an adsorbent column in a flow system. Now scientists have revolutionized
this definition to state “Chromatography is a technique used as a powerful separation
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method that finds application to all branches of science1 for mixtures of compounds, so
that the individual components can be identified andlor quantified”.3
3.2 Evolution of Gas Chromatography
1DGC is one of the most important analytical techniques. It evolved from the
earlier work on the adsorption of gases on various materials. This method was pioneered
by the work of Martin on partition chromatography. Martin and James developed and
refined this earlier work of gas-liquid chromatography (GLC). They used nitrogen gas as
the mobile phase instead of liquid and the stationary phase was stearic acid bonded to a
celite support to separate fatty acids.2
There are two types of gas chromatography gas-solid (GSC) and gas-liquid (GLC)
chromatography. GSC is a technique not widely used except for separation of certain
low molecular weight gaseous species. It is a technique where physical adsorption of the
analyte occurs on the stationary phase. This limits GSC because of the activity occurring
between polar molecules which cause severe tailing of eluting peaks. GLC was first
developed in 1941 by Martin and Synge. They also developed liquid-liquid partition
chromatography. More than a decade later GLC importance was recognized and
demonstrated experimentally. GLC is the partition of the analyte between a gaseous
mobile phase and liquid phase immobilized on the surface of an inert solid. In standard
gas chromatography, the sample is injected and vaporized onto the head of a
chromatographic column. The mobile phase is an inert gas that does not interact with the
analyte molecules which is contrary to most types of chromatography. The gas functions
as a mobile phase to transport the analyte through the column.
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The development of 1DGC theory continued for packed columns and detectors
until capillary columns were introduced as an alternative.2 In 1958 Foley proposed using
open tubular columns as away to eliminate packed columns so column efficiency could
be improved. The efficiency of chromatographic columns increases as the plate count
(N) increases and the plate height (H) becomes smaller.
N=L/H Equation (1)
The length (L) is usually in centimeter. The difference of in efficiency varies in different
column types and in mobile and stationary phases. Martin and Synge pioneered the plate
theory study. The plate theory accounts for Gaussian shape of chromatographic peaks
and their migration down the column. However, equation one failed to account for peak
broadening in a mechanistic way.
N5.54(tR/Wl,2)2 Equation (2)
Equation 2 was used to incorporate the rate theory and from that Equation 2 was used for
approximating N. Some believe Equation 2 is more reliable because it takes into account
the width of the peak (W112) and retention time (tR). In the 1980’s more robust and higher
temperature columns were developed by using pure silica columns and stationary phases
bonded to the inner wall of the column.2 Modifying new stationary phases for better
separation and column efficiency is a continued process.
Over the last 50 years engineering techniques, microelectronics, microcomputers
and new materials have enabled manufacturers to produce reliable complex automated
instruments that achieved reproducible chromatographic results.2 This includes
programmable features to set-up and control the instrument, collect and process data, and
to produce chromatograms and analytical reports (Figure 3.1). The advancement on
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engineering instruments and microprocessor technology linked to 1DGC will assist with





Figure 3.1 The diagram of Gas Chromatography process coupled to a Detector.
(http://www.brookscole.comlchemistry_d/templates/student_resources/00300 1291 O_kotz
/appchem!chO 1 /matter3 .html)
Coupling a GC to a mass spectrometer as the detector adds another dimension of
identification for analyzing a lignin analytes. The mass analyzer ionizes the eluent and
separates gas phase ions of different m!z ratios and measures the relative abundance of
the ions. There are several mass analyzers used in GC-MS and each has limitations. The
commonly used mass analyzers include quadrupole, quadropole ion trap and time-of
flight (TOF). The new addition to the mass analyzer is quadrupole-time-of flight
(QTOF). These analyzers differ based on their mass to charge discrimination which
influences their performance characteristic. The quadrupole mass analyzer provides unit
mass resolution to the nearest integer value and can be operated over a mass range of up
to 4000 mlz. The wide use of this type of mass spectrometer is due to its ruggedness,







GC is Flame Ionization Detector (FID). It is cost-effective compared to the mass
analyzer. FID can essentially only detect components that can burn. FID is best for
detecting hydrocarbons and other flammable components.
3.3 Limitations of Gas Chromatography and Other Techniques
Despite the separation power of the conventional lD chromatographic technique,
there are complex mixtures that can not rely on a single separation mechanism. These
areas include the petroleum industry, forensic sector, food4 and fragrance industry and
environmental5 and health sectors. Each of these areas needs analytical methodology to
enhance separation resulting in more comprehensive analytical results. Techniques such
as gas chromatography (GC), high performance liquid chromatography (HPLC) or thin-
layered chromatography (TLC) are used in each of these areas to help characterize or
identify answers to complex scientific problems. Achieving separation, characterization
and identification is difficult and that is why a strong push towards development of multi
dimensional chromatographic techniques was desired.
3.4 Foundation of Comprehensive Multidimensional Separation
J. Calvin Giddings described two-dimensional (2D) separations as those
techniques in which a sample is in contact with the two displacement processes oriented
at right angles to one another. The displacement steps bring components from their point
of application out into a 2D bed where there is more “space” for their resolution than in
one dimension.6’7 This technique described the process for TLC, but could be interpreted
for all chromatographic techniques. As for John B. Phillips, who went a step further and
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established an application that encumbers the concept of Giddings for GC. Phillips
describes the application comprehensive two-dimensional gas chromatography as an
entire component eluting from the primary column and the primary separated
components are injected onto the secondary column for a second independent separation.8
The GCXGC chromatogram shows peaks scattered about a plane instead of along a line.
Giddings and Phillips’ novel ideas led to revolutionizing chromatographic development
application for gas chromatography. Today it is now called GCXGC. Tadeusz et al 2006
published a review and defined comprehensive multidimensional separation (GCXGC) as
one in which the entire sample is subjected to all dimensions of the separation and any
subsequent separation dimension preserves the separation achieved in all previous
dimensions.9
3.4.1 Conception of Multidimensional Theory
The scientific work of J. Calvin Giddings, a Distinguished Professor of Chemistry
at the University of Utah, focused on methods of chemical separation. Giddings theories
and concepts cross-over numerous chromatography techniques. In 1984 he published an
article about the concept and promise of two dimensional separations. The objective for
this report was to develop perspectives of this rediscovered field.6 He outlined the scope,
variety, power, and limitation of 2D separations. The resolving power of 2D separation,
combined with other methods, implied that 2D research and development could become a
major element in advancing the field of analytical separations.6 He discussed the
explosive nature for 2D both for GC and LC, for it had become increasingly clear a 1D
method was not powerful enough for truly complex samples. Giddings’ understood 2D
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technology would face problems however, if 2D researchers utilized 1D as the starting
building block instead of developing something new, this path would prove to be
powerful for 2D technology. Giddings theory was correct and at Southern Illinois
University, Phillips was designing the very building block schematic for gas
chromatography. In Figure 3.2, Phillips proved Giddings’ theory to be true by using a
GC/MS to compare to his GC-GC. In both cases, the secondary instrument disperses the
sample along an axis which is conveniently placed orthogonal to the inlet GC’s retention
time axis to form a two-dimensional data space.8





Figure 3.2 The schematic diagrams of GC/MS and GCXGC instruments.
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These two instrument designs really are quite similar. To convert a GC-MS into a GC
GC, one simply replaces the mass spectrometer with a fast gas chromatography, changing
the orthogonal secondary axis from a mass-to-charge to a retention axis.8’ 10
Giddings recognized that with ingenious choices of building blocks, the
development of effective means for their combination, system optimization, and the
development of sophisticated detection and data reduction system. The possibilities of
establishing 2D research would be almost endless.6
3.4.2 Heart-Cut 2D Gas Chromatography
Heart-Cutting is a form of multidimensional GC because two different columns
are employed to produce separation.” Heart-cutting is where two different columns are
typically connected through a flow-switching interface (Figure 3.3 C). This interface
directs a portion of primary effluent where separation is not efficient (congested area)
into the second column. The other portion is directed into the first detector (Figure 3.3
D). The congested portion identified by the initial chromatogram of the primary effluent,
is directed into the secondary column and identified by the second detector (Figure 3.3
F). The goal of heart-cut analysis is targeting critical regions of the 1D chromatogram
that are congested. This technique allows additional separation of components and
proves to be useful in target analysis. The heart-cutting technique is still used today and
is successful for some applications but many of the problems for complex mixtures are
still unresolved. Coupling gas chromatography with a detector like mass spectrometry
(MS) or time-of-flight mass spectrometer (TOF-MS) is another way to provide analyte
separation, but still for complex matrices, it remains unsatisfactory.
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Figure 3.3 Heart-Cut (GC-GC). (A) FD inlet (B) FD column (C) diversion valve (D) FD
detector (E) SD column (F) SD detector.
3.4.3 Creation of Comprehensive (GCXGC) Multidimensional System
John B. Phillips, a professor at Southern Illinois University, created the 2D-GC
over 20 years ago. He used a defogger repair kit to birth this novel technology.” The
defogger line resembled a fused-silica column in shape and color, so he decided to use
the conductive paint to improve on-column GC sample inlet devices. He painted a
portion of the GC column and connected the resistive piece to the power supply and
briefly heated it. The advantage of the paint was its low thermal mass on the GC fused
silica capillary column which allowed rapid heating and cooling of the sample inlet
device. The original term for the earlier invention was C2DGC. Now, it has been
replace by GCXGC, which describes the true multiplicative nature of the technique
separation power.’~
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3.4.3.1 How Does Comprehensive GCXGC System Work
A block diagram (Figure 3.4) illustrates the components of a comprehensive
GCXGC system. The analyte is injected into the 1St dimension (1-2). The effluent of the
1st dimension is sampled onto the second dimension, at high speed GC condition (2-6).
The rapid sampling from the primary column does not allow comprising of the
chromatogram from the second dimension effluent. The interface (4) between the 15t and
2~’ dimension is a modulator that increases the amplitude of the chemical signal and
facilitates transmission of the effluent through the 2~ dimension.
Figure 3.4 GCXGC block diagram. (1) injector (2) FD column (3) connector (4)
modulator (5) optional SD column oven (6) SD column (7) detector.
The modulator functions like a traffic light as the managed effluent portion is
periodically “trapped” and then “released” like a continuous stream of traffic.1’ The 15t
dimension effluent is continuously transferring in small portions at generated pulses,
which produces high speed secondary gas chromatograms.
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3.4.3.2 Why Interface is Important
The interface plays an important role in GCXGC effluent holding its integrity and
position. A modulator between the two columns is important. In Figure 3.5 (1-5)
illustrates two GCXGC columns connected without an interface. A bands of analyte
injected into the 1~t column and is chromatographically separated into two components
black (B) and orange (0) (2). The second colunm is coated with a different stationary
phase. The first component, separated by the 2nd dimension, is 0. It is separated into 2
components red (R) and yellow (Y) (4). The 2nd dimension stationary has a strong
affinity for the R and Y causing them to be retained. The 2nd component B, separated by
the 1st dimension in GCXGC, was combined with Y and co-eluted from the 2nd
dimension (5). The 2~’ component R eluted after the merging band Y, connecting two
columns together without an interface does not preserve the first column separation.
If you merge the two columns with a modulator interface, the analyte will
separate into two components in the 1st dimensional R and B (7). The first component
enters the interface (8) and is injected into the 2nd dimension while the 1st dimension 2nd
component (9) is trapped by the modulator. The component trapped is then released
while the 1St component (10) of the primary column is being separated into two
components and elutes to form a 2’~ dimensional chromatogram. Preservation of the
primary dimension chromatogram is dependant on the rate of modulator trap and release.
36














Figure 3.5 GCXGC column connector and interface process. (1-5) columns connected
without interface; (6-10) columns connected with an interface.
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3.4.4 Advantages of Comprehensive Multi-Dimensional System
GCXGC allows complete analyte interaction with two different columns for
greater separation. The two dimensional chromatogram has a order nature that was not
observed in the 1 D chromatogram. That order nature is the ability to group and separate
substances into classes because the chromatograms are 3D plots and not a line. One of
the key features of GCXGC is its large resolving power. GCXGC chromatograms can
have peak capacity exceeds 20,000 whereas 1 -D gas chromatography rarely exceeds
1000. Multidimensional separation duration is comparable to l-D GC separation because
of the higher speed of the second dimension. However, by employing the 2~~’ dimension
the separation of complex mixtures into classes through structural chromatograms,
provide additional means for identification and reduces the probability of peak
overlapping between members of different chemical classes. However, the GCXGC
produces chromatograms with a much greater peak capacity. The modulator is one of the
major hardware that separates GCXGC from any other because it functions like a traffic
light with the periodical “trap” and “release”. This attribute allows other components on
the second dimension to elute before the other components are injected.
3.5 Modulators Movement
The modulator is the heart of any GCXGC system. Most research and
development efforts have focused on building a better modulators.9 The high frequency
operation and reproducibility for the trap and release mechanism are the primary
functions of an efficient modulator.” There are two types of modulators: flow-switching
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modulators that operate as high-frequency diversion valves and thermal modulators that
fulfill sample integrity requirements based on temperature control.
3.5.1 Thermal Modulators
Thermal modulators are divided into three categories: heat, cryogenic, and jet-
pulse modulators. The heat based modulator traps the sample using a thick stationary-
phase film in the modulator tubing which increases breakthrough time of the analytes
beyond the modulator. A heat pulse is the trapping from the primary column and release
to the secondary column. In a cryogenic modulator, trapping is achieved using a freezing
zone (cryogenic zone) placed over the modulator. The sample is released when the
modulator tubing is quickly heated back to oven-temperature, allowing a sample to be
released onto the secondary column and resuming migration. The jet-pulsed modulator
produces synchronized trapping and release pulsing sets of hot and cold jet nozzles that
operates on the modulation zone. These modulators all have different approaches to
protecting the integrity of analyte to create good separation.
3.5.1.1 Heater-Based GCXGC Modulator
The first GCXGC thermal modulator concept’2 was developed’3 by Phillips et al
in 1985. The interface between the primary and secondary columns was a segment of
thick film capillary column coated with gold paint. The primary components were
trapped in the thick film and re-injected into the secondary column periodically by
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Figure 3.6 Schematic diagrams of the original heater thermal modulator. (C) dual-stage
thermal modulator (D) rotating thermal modulator.
resistive heating of the gold painted capillary.13 This modulator proved that
multidimensional separation was achievable. They also found dual stage modulation is a
necessity when thermal modulation is used. If the entire trapped capillary colunm was
heated, some of the analyte would exit the primary column and pass through the
interface, causing band broadening and peak shape irregularities.’4 Band broadening was
eliminated by alternating heating between two segments of the capillary. In Figure 3.6
analyte is trapped in the first segment (X) and thermally desorbed. The analyte is heated
by electric currents between 1 and 2 and re-trapped in the second segment (Y). The
analyte is then reheated between 2 and 3 and injected onto the second column. This
mode of heat cool heat helps to prevent analyte breakthrough. The first commercially
available modulator developed by Phillip was called the rotating thermal modulator.’5
This modulator also used thick film capillary for primary effluent trapping and focusing.
The second column used the rotating heater which heated the trapping capillary to 100°C
above the oven temperature.’4 The modulator was suitable for a wide range of
applications, but it was incapable of collecting volatile compounds at typical oven
x Y
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temperatures (Figure 3.7). Presently, heater-based modulators are rarely used because of
the inability to trap volatile compounds at conventional oven-temperatures. The heater-
based modulator has been replaced with the cryogenic modulators.
d
Figure 3.7 GCXGC schematic rotating heater thermal modulation system. (1) FD
column (2) SD column (3) modulator tube (4) rotator heater (5) mechanical ceramic shaft
(6) rotating electrical feeder (7) sweeper motor (8) injector (9) detector.’6
3.5.1.2 Cryogenic GCXGC Modulator
The cryogenic methods were birthed in Australia by Marriott called longitudinally
modulated cryogenic system (LMCS).’7 The cryogenic GCXGC modulator works on a
similar principle as that of Phillip ‘ s rotating thermal modulator. The difference in
Marriott modulator and Phillips is cryogen was used to the lower temperature of the
analyte below oven temperature and re-injected at oven temperature. The cooling trap
procedure used liquid CO2 at the end segment of the primary column. When the effluent
exits the primary column, its components are trapped and focused in the next segment
1 4
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contained inside the modulator (T) (Figure 3.8). The modulator moves back to its initial
position (R) it allows analyte to re-mobilize so the next band of analyte is trapped and
moves down stream.
Figure 3.8 The schematic of LMCS. T and R the trap and release positions of the
cryotrap as it moves between the columns. (1) injector (2) FD column (3) line from the
cryogen (4) modulator (5) SD column (6) detector.
The cryogenic modulation introduced with LMCS provided key advantages over
heater based modulator. There was no need for additional heating and the ability to trap
volatile analytes was somewhat solved by using low temperatures. It was found that
trapping volatiles were better with LMCS than a heater—based modulator.9 The volatiles
trapping problem was later solved by using liquid nitrogen for lowering the temperature.
Optimizing cryogenic modulator with no moving parts inside the GC oven was the next
major efforts in GCXGC.
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3.5.1.3 Development of Jet-Pulse Modulators
Ledford and Billesbach were the first ones to present a non moving cryogen
interface utilizing CO2 jets.’4 In their design two liquid CO2 cold jets were for trapping
and two hot jets for desorption designed to have the effect of a dual stage modulator
(Figure 3.9 and 3.lOa). The upstream cryogen jet would trap and focus the analyte
exiting the primary column in the downstream position while the downstream cryogen jet
Figure 3.9 The diagram of dual cryojet interface (1) FD column (2) tubing interface (3)
SD column.
is off. The first cryogen jet is turned off and the first hot jet for desorption is on while the
second cryogen jet is turned on for trapping and focusing. The first hot jet for desorption
is turned off and the first cryogen jet is turned on to prevent breakthrough of analyte
when the second cryogenic turns off. The second hot jet for desorption is turned on to
inject the sample onto the second dimension column. This modulator works very well
but it was overly complicated to control with four jets. Beens simplified the number of
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jets by removing the hot jets and relying on the GC oven to remobilize the analyte
(Figure 3.1 Oh).’4 The down stream jets traps and refocuses the analytes exiting from
primary columns. When the jets are turned off, analytes are injected into the second
dimension. Breakthroughs are prevented because the upstream jet is turned on. Ledford
simplified his first non-moving interface by creating a single cryojet interface capable of
dual stage modulation by utilizing a delay loop. This is the most simplified dual-stage
cryogenic modulator designed (Figure 3.1 Oc).’4 When the cryoj et is on, analytes eluting
from the first dimensional column are trapped in position 1. The cryojet is turned off and










Figure 3.10 Different phases of modulators. (A) Cryogenic modulator developed by
Ledford and Billesbach (B) Cryogenic modulator developed by Been et al (C) Single
cryojet dual stage modulator with delay loop.
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A valve-based modulator functions in the same manner as a 2D heart-cut GC
except it does not require a primary detector. The valve modulators are flow-switch
devices. The amount of diverted material varies between 20% and 90% depending on the
design. There was concern whether this form of GCXGC is truly comprehensive. The
argument in favor of a valve modulator concluded it is comprehensive as long as the
valve modulator attains or exceeds the sampling frequency threshold, the continuity of
the signal generated will be maintained and no significant information will be lost.
3.5.2.1 Development of Valve-Based GCXGC Modulators
The valve based modulator uses a fast switching diaphragm developed by
Synovec and coworkers)4 The majority of the analyte’s is exhausted into the
atmosphere. The diaphragm valves use four ports of the six heated ports in the interface
(Figure 3.11). The primary column, auxiliary gas supply, the second dimension column
and the restricted vent line were connected to the valve. One position flow from primary
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Figure 3.11 Diaphragm valve which use four ports of the six heated ports in the
interface.
column passed through valve and vented to atmosphere auxiliary gas supply which
provided flow to second dimension. The diaphragm valve was periodically actuated for a
very short time to direct a small amount of the effluent to the second dimension column,
where separation takes place with the help of auxiliary carrier gas supplied through the
valve.14 This method allows 10 to 20% of the primary effluent to enter the 2~ dimension
column. This method is extremely less sensitive than thermal modulation.
Seeley introduced differential flow as an alternative configuration by integrating a
sample loop and using all six ports of the valve (Figure 3.12).~’ 18 The effluent from the
primary column operates as a low flow rate; the effluent passes through 20p1 sample





Figure 3.12 The valve differential flow modulation GCXGC interface.
column flow rate is operated at least 20 times higher than the flow in the primary column.
When valve is actuated, the gas in the sample ioop is physically compressed and injected
as a narrow effluent pulse to the second dimension colunm.’4 This method allows 80% of
primary effluent to be sampled by the second dimension and was characterized by better
sensitivity. This change in valve technique can be considered comprehensive without the




Seeley et al designed a second alternative where he used two sample loops and a
pneumatic switching system (Figure 3.l3).~ The second alternative technique allows the
effluent from the primary column to be sampled by one loop while injecting onto and
separated by the second dimension column. This is the first valve-based modulator in
which the entire sample is subject to both dimensions without venting any of it to the
atmosphere. Valve based modulators are not in the sample flow path and can be outside
of the GC oven which removes the temperature limitation of earlier valve system.9
Auxiliary Gas
~Supply




3.5.3 Thermal and Valve-Based Modulator Pro and Cons
Comprehensive multidimensional separation was not accomplished until the
development of the modulator. Phillips invention initiated a process of several
modulators being designed to maximize the separation of complex mixture. His heater-
based modulator limitation was its inability to trap and collect volatile compound at
conventional oven temperature. This led to the evolution of thermal modulators.
Thermal modulation has proven to work consistently and efficiently by using cryogen to
lower the temperature of analyte to move it to the next dimension.
Thermal modulators still had a drawback with trapping volatiles using liquid CO2.
The temperature was not low enough to trap volatile even though it was more efficient
than the heater based modulator. Using liquid N2 to trap the analyte was the remedy to
trapping the most volatile gases. Even though the thermal modulator works, the
consumption of gas for the cooling system is not economical and on occasions
breakthrough do occur causing band broaden. The limitations of the thermal modulators
are definitely fewer than the heater-based modulators.
Synovec and coworkers invented a modulator that utilized a multi-port diaphragm
valve. This system had limitations which lead to an alternative design for valve based
modulation by Seeley. The valve system does not rely upon cryogenic which makes it
more economical. With the valve based system, unlike the thermal modulators, there is
no possibility of breakthrough, even for the most volatile analytes. It has very fast
second dimensional separations (1 sec or less); due to fast valve switching time, it makes
it possible to produce very narrow injection bands. But it does have its disadvantages. If
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the flow rate or modulation periods are changed, the two sample loops must also be
changed. This change will complicate the system path.
Thermal and valve modulation are being utilized in a variety of GCXGC analysis
for complex samples. Some researchers may use thermal modulators for high boiling
compounds. Valve and thermal systems can be used for Volatile Organic Compounds
(VOC) in urban air. Different modulations are good for certain mixture.
3.6 GCXGC Chromatogram Generation
The GCXGC chromatograms are high speed 2’~’ dimensional chromatograms.
Figure 3.14 illustrates the generation of an GCXGC chromatogram.19’2° Step one shows
a 1D unmodulated chromatogram going to the raw data of a 2D chromatogram after
modulation. The single detector record output of the secondary column is a continuous
signal, from a series of very short pulses. The 21K1 dimension chromatogram is produced
by each modulation cycle. This raw data chromatogram is unreadable and has to
transform into a 3D representation before it can be analyzed.” The transformation
process is performed using proprietary software. The software is utilized to process the
continuous chromatogram data into individual secondary chromatograms and placed
accordly to their primary retention time for all the secondary peaks in a given modulation
period.’1’ 19 The x-axis is the 1st dimensional retention time and the y-axis is the 2nd
dimensional retention time while the z-axis represents the signal intensity. The 1st
dimension is sampled several times which allows the same components in several
consecutive slices to be identical to the 2nd dimensional retention time. This allows the
observed individual peaks to recombine in the 2m1 dimension chromatogram into single
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1 D chromatogram
(at first column outlet)
1. Modulation
Second-dimension chromatograms
stacked side by side
component peaks. The visualizations are peaks in a 2D plane or a contour plot which
displays the signal intensity. In GCXGC, 3D plots can be used for different contrast
setting to visualize both major and minor peaks.
During the early years of GCXGC, in-house written software was used to process
the chromatographic data. Since GCXGC gained popularity and was commercially use
by several vendors, proprietary software called GC Image was designed by the Zoex
Corporation. This software was used for the GCXGC analysis in this project.
Raw 2D chromatogram




~ 2D colour plot
‘p3. Visualization
Figure 3.14 Generation and visualization of a GCXGC chromatogram.’4
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3.7 Modeling for Lignin Analysis
Multidimensional analysis using GC is the a novel and emerging direction for
separation of complex mixture. Thus providing a method for the identification of lignin
components more feasible now than ever. In the wood industry the study of lignin has
been for the purpose of improving the delignification during the pulping process.
Separation and identification of the study of lignm components are still under
investigation. The investigations and uses of lignin are taking new directions. Lignin
studies have appeared in the medicinal uses of lignin, the supply of bio-fuel, and the
effect of elevated CO2 would have on the chemical composition. These investigations are
all important and the goals of this research will aid in the investigation of all of these
studies.
3.8 GCXGC Retention Index Application
Although GCXGC is a potential method for the separation, detection and
identification of lignin components there are a multitude of potential column sets that
could be used. What is needed for the simplification of the methodology is a mechanism
for the selection of the column set in GCXGC. The beginning of a potential model was
first presented by Dimandja at the 99~ Gulf Coast Conference in 2003, on the prediction
of GCXGC separation through the use of retention index data.21 Retention indices have
been used and continue to be used in gas chromatography. It was used to recognize that
the reproducibility of retention is a fundamental parameter for identifying and
quantifying the elution position of a compound against two closely eluting members of a
homologous series (alkanes, alcohols, etc).22 This concept was introduced by Kovats in
53
1958 by demonstrating that the logarithm of the adjusted retention time of components of
a homologous series eluting under isothermal conditions increases linearly with their
carbon number, thus forming a uniform reference scale (Figure 3.1 5)•23
Figure 3.15 Demonstration of adjusted retention time of components of a homologous
series eluting under isothermal conditions.
Dimandja realized that retention index theory could also be applied to novel
technique GCXGC. In his presentation he demonstrated and compared simulated plots to
GCXGC chromatogram.
In this investigation Dimandja model was applied to the identification and
characterization of lignin components in trees. Lignin standards were collected and
injected into a conventional one dimensional GC. The retention index data for the lignin
standards were calculated for each standard in order to generate predictive GCXGC
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primary retention index of that stationary phase. The second column retention is obtained
by the retention index difference between the secondary column and primary column as
an estimation of the contribution of the secondary stationary phase to the separation.
Equation (3) is the algorithm used to for computation of delta I for the x-axis for the
A1—12-11 Equation (3)
predictive plots. The lignin standard predictive models were demonstrated using several
different column-set combinations and results were compared to actual GCXGC
chromatograms.
3.9 Modification to GCXGC Retention Index Model
Seeley published a modification to Dimandja’s model to fit retention indices into
a mathematical model to yield better predictive chromatograms.24 Seeley stated that
GCXGC retention times are influenced by numerous experimental and thermodynamic
parameters that Dimandja and others algorithm have not taken into account. Beens et
a124, Vendeuvre et a124 and Lu et al24 all used similar approaches to Seeley et alto predict
the GCXGC retention for hydrocarbons. Marriot and coworkers24 developed a different
approach where GCXGC retention times were used as the input data for the prediction of
retention indices in both the 1~t and 2~’ stationary phase. The primary indices were
directly interpolated from 1st dimension retention times and the 2~~’ dimension was
interpolated experimentally by isovolatility curves of a set of homologous compounds
having defined retention indices.
Seeley used temperature programming and single column retention times to
generate GCXGC predictive plots. His model also incorporated mathematical models
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coupled with algebraic, differential, and integral equations that other models did not
consider. It was noticed during the generation of plots from his experiments the
homologous sets was forming a exponential curve. It was assumed that for all
homologous set would follow a similar retention time trend. The retention indices
influenced the second dimension by approximately a factor of
AAT Equation (4)
The predictive plots of 12 versus I~, Al versus Ii and A’~1 versus I~ all contain the same
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Figure 3.16 (A) Plot of single column retention indices of homologous compounds
(Top) DB-624 (Ii) vs DB-wax (12) (Bottom) DB-624 vs DB-210. The dotted lines in
each graph have slope of 1. (B) Plot of the secondary retention times of the 139 VOC as
a function of AT.
from the exponential curve created from the second dimensional values (Figure 3.16).
The second dimension values when plotted created a downward curve and from the slope
values for A were between 1.5 and 1.8. The mathematical model is AAI. Utilizing Al for








chromatograms better than Al according to Seeley. The central theory for this model is
that the retention index of analyte on a given stationary is independent of experimental
factors like column dimension, carrier gas flow and temperature program. Studies have
proved that retention indices are influenced by a variety of experimental factor such as
standard enthalpies and entropies of solvation.24 Seeley presented a magnitude of error
occurs when retention indices are assumed to have invariance.
3.9.1 Modification Research Objectives
Gas Chromatography is a robust and cost effective way to separate and analyze
different compounds in science disciplines. Since the development of the comprehensive
two dimensional GC, it has proven to be the best technique for analyzing complex
mixtures. Lignin was collected from trees to be used in the development of a multi
dimensional gas chromatography method for characterizing and identifying lignin
components. Lignin is a complex structure and several analytical instruments have been
used to study its components. A database from NMR was developed and several
components were identified using this technique.25
The ultimate objective of this research plan is to determine if comprehensive
multidimensional gas chromatography can be used for the separation of lignin
components. Seeley found magnitudes of error comes when aromatic compounds (single
and multiple substitute benzenes) are used for the prediction of GCXGC chromatogram.
The prediction of the homologous set and compounds were accurately predicted using
retention indices. But there were more challenges to predict the relative position of
cyclic compounds.24 The aromatics compounds were under predicted using retention
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index. Based on the Seeley’s investigation about aromatics Dimandja’s and Seeley’s
predictive plots are generated to determine which model would produce the best
separation for lignin standards using 2DGC.
Single columns retention times will be collected for 38 lignin standards. The
retention times will be used to calculate kovats indices. These kovats indices are used to
generate GCXGC predictive plots. Twenty predictive plots for each model are generated
for this research. The first group of plots used AT, Dimandja’s linear model and the
second group of plots used AAI Seeley’s modified exponential model. An algorithm
called dispersion zone density coefficient will evaluate each model’s plot to predict,
albeit determine the best column set for the separation and analysis of lignin components.
3.10 Goals of the Project
The research objective is the development of analytical methodologies utilized for
the characterization and identification of lignin components. This objective will progress
into a development of a periodical library design to assist with constructing tandem
column sets for identification, characterization and separation of the lignin components.
The analytical techniques employed in this project were GC-MS, GCXGC-MS and the
alternative method is CE-MS. The CE-MS methodology was developed while working
on the GCXGC analysis. Chapter 6 is design to discuss CE-MS as an alternative
analytical method to be employed for the characterization, identification and separation
of milled wood lignin. The project major goals are:
• Develop a screening algorithm suited to determine which predictive plots would
produce best separation for lignin standards using each model.
• Determine which model produces the best separation for lignin components.
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• Identify and characterize lignin standards separated using GCXGC for both
models
• Identify and characterizes Sour Orange tree application
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CHAPTER FOUR
IV. EXPERIMENTAL DESIGN FOR LIGNIN SEPARATION
The 18 years sequester project on sour orange trees in Arizona ended in February
2005. The trees were extracted from the ground using the same protocol for each tree.
The investigation of the trees was to determine whether the biochemical composition has
been altered. Identification and characterization of components were study utilizing
GCXGC-MS and an alternative technique CE-MS. The experimental design for the
process of the tree of analyzing the lignin is demonstrated in Figure 4.1. The first and
two steps are self explanatory. The third and four steps are presented as flow charts in
this chapter. The third step is the protocol used to remove lignin from sour orange trees.









Figure 4.1 The experimental design steps.
4.1 Sacrifice Sour Orange Trees Protocol
Trees were sacrificed in February 2005. They were sacrifice in a systemic way
from branches to the trunks of the trees. Samples of the branches were based on a 3600
circumference and north and south position on the tree. The angles of the branches were
00, 900, 180°, 270°, 45°, 135°, 225° and 3250. At each branch position 25 grams of sample
was collected. A total of 200 grams of each tree branches were collected. In Figure 4.2
and 4.4 shows the installation of the chambers, the planting, the growth and the sacrificial
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Figure 4.4 Pictures of the protocol used to cut branches and the trunks of the trees.
4.2 Sour Orange Lignin Extraction Procedure
It has been accepted that the milled wood lignin (MWL) extraction process
represents lignin in total even though some chemical and physical changes can occur
during milling.’ Only 25% of the lignin can be isolated as carbohydrate free lignin.
Isolation of lignin from wood quantitative and qualitatively is still a major problem in
lignin chemistry. All methods used for extraction purposes have disadvantages of
fundamental changes as well as structural modification due to hydrolysis of the lignin.2
Extraction procedure was used for the carbon sequestration study of sour orange trees
(Figure 4.5 and 4.6). This procedure was used to directly compare four ambient samples
and four enrich samples of the sour orange trees.
/~
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Sour Orange trees were cut down and the branches were used for analysis. There
are several processes the wood goes through to isolate the lignin. The branches were
debarked. There were some differences noted in color and the toughness during the
debarking process. The debarked wood was grounded in a Wiley Mill. The grounded
wood particles are removed and placed in a soxhlet thimble for the extractives to be
removed. Several organic solvents were used acetone, ethanol, methylene chloride and





Figure 4.5 Lignin extraction protocol.
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Debarked Wood Soxhiet Extraction
Sieve Shaker Ball Mill Ball Mill Container
Figure 4.6 Pictures of equipment sample of the wood used for lignin extraction.
Once the extractives were removed the wood was dried in a dessicator over phosphorus
pentaoxide (P205) for several days. Once dried the grounded wood was place in a ball
milL This process breaks the cell walls of the wood making it possible to extract lignin.
The fine wood powder and the metal balls are transferred to sieves and shaken to remove
all of the powder from the metal balls. The ball milled wood is put through another
extraction process to remove the lignin. The ball milled wood powder was placed in a
flask with 1 Oml of water and 90 ml of 1,4 dioxane. This vessel was vigorously stirred for
several days and filtered to remove the souble lignin. The solvent was removed from the
lignin using a Rotoevaporator. Finally, once lignin was collected some lignin was set
aside for acetylation.
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4.3 Lignin Preparation for Authentication
The lignin preparations for generation of the predictive plots and GCXGC
authentication chromatograms are in Figure 4.7. The experimental design used 1D GC to
generate retention indices for lignin standards. From the retention indices simulated
GCXGC plots were developed. Based on Dispersion Zone Density Coefficient (DZD)
five tandem column sets were determine to produce the best separation for lignin
components mixture using GCXGC. The 1st part of the design used lignin standards to
depict GCXGC plots. The 21~ part of the design demonstrated the comparison of the
models predictive plots and GCXGC authentication. The comparison were investigated
the for the S’s model and D’s model. The DZD coefficient best column sets were used
for each model was characterize and components were identified. The lignin application
sour orange lignin was investigated (Figure 4.8).
Lignin
Preparation
I I _____________ I I
Supelco Wax Rtx-1 701 Rtx-BDEX HP-5 Rtx-1
Column Column Column Column Column
Lignin Standards KOVATS INDICES
GCXGC Column Selection~
I I
D’s model S’s model
Predictive Plots Predictive Plots
I
Dispersion Zone Density Coefficient
AUTHENTICATION OF PREDICTIONS
















Figure 4.8 The flowchart for analysis for the authentication of (D’s) linear and (S ‘ s)
exponential models.
4.4 Sample Preparations
Alkane mixtures, lignin standards, lignin mixtures, sour orange lignin samples,
yellow poplar lignin sample, indulin krafi lignin sample, and silylation samples were used
in this study. The preparation of the samples will be discussed later in this section.
Lignin standards, alkanes, and tree lignin samples were purchased from Sigma—Aldrich,
Fisher Scientific and donated by Forest Products Laboratories.
4.4.1 Alkane Spiking Mixtures
An alkane mixture was used to spike the lignin samples. 2 1iL was used to spike
each lignin samples. The alkanes C7 to C17 were liquids and C18-C30, C32 were solids.
The C7-C17 alkanes were weighed between 0.Olgrams in each vial. The C18-C30, C32
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alkanes were weighed between 0.00 1 grams in each vial. 1, 4 dioxane was used to fill the
samples to 1000~iL. The concentration of C7-C17 was 10 mg/ml and C18-C30, C32 was
lmg/ml. The alkane mixture was comprised of 50~iL of C7-C17 alkane solution and
pipeted into the same vial. 100~tl of C18-C30, C32 was pipeted into the same vial and filled
to mark. The dilution was a 1:10 dilution. In Table 4.1 the names of the alkanes used are
listed. A partial alkane mixture was used but not for spiking purposes but for checking
system after runs. The alkanes in this mixture are highlighted bold blue color in Table
4.1.
Table 4.1 Alkane mixture components.
Heptane Tetradecane Heneicosane Octacosane
C7 C14 C21 C28
Octane Pentadecane Docosane Nonacosane
C8 Ci5 C22 C29
Nonane Hexadecane Tricosane Tricosane
C~ C16 C23 C3o
Deca ne H eptadecane Tetraconsane Dotriacosa n e






Lignin standards purchased and donated were analyzed by GC/MS and
Electrospray MS to verif~’ the identity of compounds. Lignin standards were injected
individually into the GCXGC instrument. In Table 4.2 the concentration of each lignin
U ndecan e Octadecane Pentacosane
Cii C18 C25
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standards is shown. The lignin standard mixtures had 3 lignin standards in each vial.
The three lignin standards used with each mixture was based on the functional groups.
Different functional groups were grouped together to form the three lignin mixture. This
would help prevent standards eluting at the same time. Solvents used were methanol and
1,4 dioxane. The lignin standards were not all soluble in 1, 4 dioxane so methanol was
used to change the polarity for lignin standards to go into solution. A mixture of all 38
lignin standards was made for a system check and for analysis. 20 jiL of each standard
was used and pipeted into the same vial to make up 1000 ~iL of a lignin mixture.
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Table 4.2 Li~nin standards concentration used in GCXGC analysis.
vial
Camp. weight sample Concen.
# Lignin Standards (g) (g) mg/mi
1 2-methoxy-4-methyl Phenol 2.25 0.0049 4.9
2 3-methoxycatechol 2.24 0.0047 4.7
3 3-methyl catechol 2.20 0.0053 5.3
4 Vanillin 2.20 0.0051 5.1
5 Coniferyl alcohol 2.17 0.0024 4.8
6 4-hydroxy-3-methoxycinnamaldehyde 2.26 0.0052 5.2
7 Syringaldehyde 2.17 0.0052 5.2
8 Sinapyl alcohol 2.25 0.005 5.0
9 4-Vinyl phenol 2.26 0.0044 4.4
10 2-Propenyl Phenol 2.16 0.0045 4.5
11 Phenol 2.15 0.005 5.0
12 4-acetoxybenzaldehyde 2.23 0.0047 4.7
13 5-(Hydroxymethyl)furfural 2.18 0.0052 5.2
14 glycolaldehyde 2.23 0.0049 4.9
16 4-hydroxybenzyl aldehyde 2.23 0.005 5.0
17 Hydroxyacetophenone 2.28 0.0052 5.2
18 Acetovanillone 2.17 0.005 5.0
19 4-hydroxy-3-methoxybenzoic acid 2.26 0.0052 5.2
20 Acetosyringone 2.19 0.0053 5.3
21 Syringic Acid 2.25 0.0049 4.9
22 p-Coumaric acid 2.18 0.0052 5.2
23 4-Hydro-3-methoxycinnamic acid 2.15 0.0051 5.1
24 3,4 dimethoxy cinnamic acid 2.17 0.0012 2.4
25 1,2,3-trimethoxy benzene 2.18 0.0052 5.2
26 2,6 dimethoxy Phenol 2.26 0.0051 5.1
27 3-(4-hydroxy phenyl)propionic acid 2.24 0.0003 0.6
28 3,4-dimethoxyacetophenone 2.25 0.0054 5.4
29 1,2 Dimethoxy benzene 2.18 0.0045 4.5
31 3,4,5-trimethoxy cinnamic acid 2.22 0.0048 4.8
32 Guaiacol 2.25 0.0058 5.8
33 Syringaresinol 2.20 0.005 5.0
1 -(4-hydroxyphenyl)-2-(4-methyl-2-
34 methoxyphenoxy)-1 ,3-propandiol 2.21 0.0064 6.4
35 4-hydroxybenzoic acid 2.23 0.0052 5.2
36 2-hydroxybenzyl alcohol 2.19 0.0051 5.1
37 1 -(4-hydroxy-2-methylphenyl)-ethanone 2.24 0.0053 5.3
6,6’di hydroxy-5,5’d imethoxy-biphenyl-3,3’-
38 dicarbaldehyde 2.23 0.0005 1.0
39 3-(4-Hydroxy-3-methoxyphenyl)propanoic acid 2.22 0.005 5.0
3-hydroxy-1 -(4-hydroxy-3-methoxyphenyl)-2-(2-
40 methoxyphenoxy)-propan-1-one 2.19 0.0004 0.8
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4.4.3 Lignin Samples Application
The lignin samples application were extracted and collected from trees. All of the
tree lignin samples were more concentrated than the lignin standards used. The weight of
the of the lignin samples application was between 0.02 grams. The concentration of the
lignin samples application was between 25 mg/ml. The tree lignin used from the sour
orange project was 4, 5 (ambient) and 7, 8 (CO2 enriched). The other lignins were steam
explosion yellow poplar lignin and indulin kraft lignin samples.
4.4.4 Lignin Derivatization
Silylation is one of the most widely used derivatives used for gas
chromatographic application. Silylation reaction is formed by replacing active hydrogens
from acids, alcohols, thiols, amines, amides and enolizable ketones and aldehydes with
the trimethylsilyl groups. The silylation reagents and trimethylsilyl derivatives are
hydrolytically unstable and must be protected from moisture. The two derivatives used








M.W. 203.4 M.W. 257.4
Figure 4.9 Derivative agents used for GCXGC analysis.
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Sour orange tree lignin 5 and 7, indulin, yellow poplar and lignin standards
mixture were silylated. 10 drops of BSA and BSTFA was used in 200 ~tl of each of these
samples. Once the drops were added the vial was sealed and injected into the GCXGC
after 10 minutes.
4.5 Gas Chromatography Mass Spectrometry (1D)
A Hewlett Packard 5890 series Gas Chromatography/Mass Selective Detector
(1D GC/MS) was used to separate and identify the compounds in the sample solutions.3
The columns used and the stationary phase matrices are listed below. The columns
chosen were base on the polarity of their stationary matrices and literature references
used for natural products.4’ ~ The instrument parameters used are in Table 4.3. The
scanning range was 40 — 500 amu.
• Supelco Wax 10 (30m X 0.32 i.d. mm X 0.25mm) SD (5m X 0.25 i.d. mmX
0 .25mm)
— Matrix group: bonded; Carbowax (PEG) 20M phase
• RTx-1701 (30m X 0.25 i.d. mm X 0.25mm) SD (Sm X 0.25 i.d. mm X 0.25mm)
— Matrix group: bonded; poly(14%
cyanopropylphenyl/86%dimethylsiloxane) phase
• RTx-~DEX (30m X 0.25 i.d. mm X 0.25mm)
— Matrix group: bonded; 20% permethylated J3-cyclodextrin in SPB-35
poly(35% phenyl/65% dimethylsiloxane) phase
• HP-5 (30m X 0.32 i.d. mmX 0.25mm)
— Matrix group: bonded; poly(5% diphenyl/95% dimethylsiloxane) phase
• RTx-1 (30m X 0.25 i.d. mm X 0.25mm) SD (Sm X 0.25 i.d. mm X 0.25mm)
— Matrix group: bonded; poly(dimethylsiloxane) phase
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Table 4.3. 1 DGC instrument parameters.
Columns SupelcoWax Rtx-1701 E~tx-BDEX HP-5 ~tx-1
[njection / 280°C 280°C 230°C 280°C 280°C
)etector Temp
Starting [0°C 10°C 1.0°C [0°C 10°C
Temperature
Ending 280°C 280°C 230°C 280°C 280°C
Temperature
Temperature 5°C/mm 5°C/mm 5°C/mm 5°C/mm 5°C/mm
Ramp
Carrier Gas lelium E-Ielium ~1elium lelium lelium
)etector vlass Vlass ~viass vlass vlass
Selective Selective Selective Selective Selective
Pressure (Psi) 1 1.2 1 1.2 11.2 11.2 1 1.2
E~’low (mI/mm) 1.4 1.4 1.4 1.4 1.4
Velocity 42.8 42.8 42.8 42.8 42.8
(cm/sec)
4.6 Computation of Kovats Indices (Retention Indices)
The samples were spiked with an alkane mixture. The retention time (rt) of the
alkanes was used to calculate the kovats index for each lignin standard eluted between the
two allcanes.4’ ~ The illustration in Figure 4.10 shows three lignin standards eluted
between two alkanes. The retention time of the standards and the alkanes can be used to
calculate the kovats indices. Equation 5 demonstrates the computation use to calculate
the kovats indices. This calculation was done for all lignin components injected
separately.
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Figure 4.10 Retention times of lignin standards and alkanes used to calculate kovats
indices.





4.7 Development of Simulated (Predictive) Chromatograms
Kovat indices are used to calculate the AT. The calculation of Al is the 2nd
dimension kovats index of a lignin standard subtract by the 1st dimension kovats index of
the same lignin standard. In Figure 4.11 supelco wax (12) is subtracted by Rtx-1 (Ii)
which equals Al. The AT is used to simulate the GCXGC chromatogram plots. Several
simulated plot were put together to determine which plots were the best for separating
lignin components. Dispersion zone density is used to narrow down the predictive
tandem column sets to be used for GCXGC analysis. The project initially started with
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using Dimandja’s model Al vs first dimensional kovats indices. However, two
combinations of tandem column sets were established due to publication released by
Seeley in 2007. Seeley’s modification model is A’~” vs first dimensional kovats indices.
The A value corrects for the thermodynamic parameters that Dimandja’ model did not
account for in the predictive plots. The exponential is the downward curve observed
during analysis of homologous series. Authentication will be done on both to establish




Supelco Wax 10 Methyl Silicone
Lignin Standards 12 II — Delta I
1 guaiacol (1) 1861 1091 77
2 methylgualacol (2) 1960 1191 76
3 methoxycatechol (3) 2483 1251 123
4 methylcatechol (4) 2627 1269 135
5 Vanillin (5) 2553 1394 1 15
7 trans-coniferaldehyde (7) 3151 1739
8 syringaldehyde (8) 2948 1664 1284
9 sinapyl alcohol (9) 2687 1573 1114
I trans&cis propenyl phenol (11) 2297 1264 1033
2_ phenol (12) 1992 964 102
3 acetoxybenzaldehyde (13) 2220 1330 88
4 5-hydroxymethyl-2-furaldehyde (14) 2498 1169 1329
7 p-hydroxybenzaldehyde (17) 2947 1382 156
8_ D-hydroxyacetophenone (18) 3017 1388 162
9 acetovanillone (19) 2636 1483 115
21 acetosyringone (21) 3002 1727 127
25 3,4 dimethoxy cinnamic acid (25) 3634 1898 173
26 1,2,3 trimethoxy benzene (26) 1978 1308 67
27 2,6 dimethoxyphenol (27) 2272 1354 9
28 3-(4-hydroxyphenyl)propenoic acid (28) 3692 1550 214
29 3,4-methoxyacetophenone (29) 2481 1506 97
30 1,2 dimethoxy benzene (30) 1737 1143 594
31 3,4 dimethoxy-4-hydroxycinnamaldehyde (31) 3478 1985 1494
32 3,4,5 trimethoxycinnamic acid (32) 3815 1988 1827
Figure 4.11 Example of lignin standards retention indices used to calculated the AT.
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4.8 Comprehensive Flow-Modulated 2DGC
Agilent 7890 Gas Chromatography Mass Spectrometry (Figure 4.12) was used to
perform comprehensive flow-modulated Two-Dimensional Gas Chromatography.6 The
Agilent GCXGC methodology uses two capillary columns coupled to a flow modulator
(Figure 4.13). The flow modulation is interfaced to an auxiliary programmable control
module (PCM) on the GC through a three-way solenoid valve between two columns that
have difference polarities. The analyte bands from the 1st dimension were collected in a
fixed-volume channel and launched quickly in the 2nd dimension in very narrow bands
(Figure 4.14). Any separation occurred from the 1st dimension is preserved and injected
into the ~ dimension every 1.5 seconds. The modulation delay time is 0.02 mm and
modulation sample period is 1.399 seconds. The scanning parameter range was 10 — 600
amu. The columns used were supplied by Agilent Technologies.
Ultra Scientific boiling point calibration sample #2 sample lot #CB 26053 was
used to setup and calibrate the instrument. Alkanes used in the calibration sample were
C5 — Cl2, and C14 — C18. Expiring date of sample was February 28, 2011.
-EL
I __ _____




Figure 4.13 (A) The 7890 Gas Chromatography oven setup for GCXGC analysis. (B)
The schematic of the over set-up.
First column
Second column
Figure 4.14 The flow modulator connected to the first and second dimension columns.
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4.8.1 2D Instrument Parameters
Each standard, mixtures and samples were analyzed separately with a run time of
50 to 60 minutes. The method used for the samples were relatively the same temperature
program varied based on the column set. Modulation period was 1.5 seconds. The
columns used were from J&W scientific the GCXGC analysis.
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CHAPTER FIVE
V. PREDICTIVE PLOT DISPERSION ZONE DENSITY COEFFICIENT
GC is the instrument of choice because of its robust and ruggedness for analysis
of mixture. Although GCXGC has similar qualities, it may not be as cost-effective for
the analysis of lignin components. A coefficient for column selection for GCXGC was
developed. This development is designed to assist with column set selection for the
analysis of lignin mixture using GCXGC. Dimandja’s model (linear model) and Seeley’s
model (exponential model) are used to yield predictive plots for GCXGC. A total of
twenty predictive plots were generated for each model based on several columns that
have been used in lignin analysis. A Dispersion Zone Density (DZD) coefficient is
calculated based on the predictive plots results to determine whether GCXGC analysis is
applicable for lignin mixture with a particular column set.
5.1 Generation of Predictive Chromatogram
Thirty eight standards were acquired and injected individually into a GC/MS.
The retention times were determined for each lignin standard on each of the five
columns. These columns were chosen based on columns that have been used in the
literature for GCXGC analysis and for lignin standards in GC/MS.’3 The retention times
were collected and used to calculate the Kovats Indices (KI) for each lignin standard.
83
84
There were some lignin standards that were not identified in some of the columns.
This lead to some lignin components being removed from the final lignin components
used for the plots. The predictive plots must be consistent with the same number of
lignin standards for each column set. Several lignin standards were not eluted or
identified by using the mass spectrometer. The total number of lignin standards used for
the predictive plots was twenty-four but for the analysis only 23 was identified for the
GCXGC analysis. The KI of each lignin standards used in the predictive plots are given
in Table 5.1. In Figures 5.1-5.4 are predictive plots generated by 1(1 vs Al. To determine
which predictive combination is the best a dispersion zone density coefficient is
computed for each plot. This DZD coefficient gives a relative value for comparing the
results of the two models. In Table 5.1 the lignin standards were assorted according to
elution order for column HP-5. Methylcatechol, propenyl phenol and methoxycatechol
KI are 1298, 1299 1300 respectively. When injecting a mixture of lignin standards these
3 components would co-elute from a 1D GC/MS. Number 13 and 17 KI have similar
retention indices, so they would co-elute making it difficult to identify. GCXGC will
eliminate the inability to identify because the second dimension will elute according to
polarity whereby co-elution is highly unlike to occur.
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5.1 Table Lignin standard 1(1 values used to generation predictive plots.
Supelco Wax 10 Rtx-1 Rtx 1701 Rtx-BDEX HP-5
GC# Lignin Standards KI KI KI KI KI
12 ohenol(12) 1992 964 1240 1317 1000
1 gualacol (1) 1861 1091 1262 1284 1106
30 1,2dimethoxybenzene(30) 1737 1143 1293 1274 1183
2 methylguaiacol (2) 1960 1191 1379 1366 1228
14 5-hydroxymethyl-2-furaldehyde (14) 2498 1169 1589 1700 1297
4 methylcatechol (4) 2627 1269 1615 1707 1298
11 trans&cispropenyl phenol (11) 2297 1264 1519 1565 1299
3 methoxycatechol (3) 2483 1251 1539 1604 1300
26 1,2,3trimethoxybenzene(26) 1978 1308 1470 1450 1362
13 acetoxybenzaldehyde(13) 2220 1330 1613 1612 1376
17 p-hydroxybenzaldehyde(17) 2947 1382 1824 1942 1376
27 2,6dimethoxyphenol(27) 2272 1354 1593 1603 1391
5 Vanillin (5) 2553 1394 1713 1745 1441
18 p-hydroxyacetophenone (18) 3017 1388 1905 2002 1445
19 acetovanillone(19) 2636 1483 1821 1838 1497
29 3,4-methoxyacetophenone (29) 2481 1506 1844 1825 1578
28 3-(4-hydroxyphenyl)propenoic acid (28) 3692 1550 2093 2329 1697
8 syringaldehyde (8) 2948 1664 2032 2053 1701
9 sinapyl alcohol (9) 2687 1573 1944 1955 1705
21 acetosyringone(21) 3002 1727 2106 2112 1781
7 trans-coniferaldehyde (7) 3151 1739 2152 2194 1782
32 3,4,5 trimethoxycinnamic acid (32) 3815 1988 2293 2278 2024
31 3,4 dimethoxy-4-hydroxycinnamaldehyde (31) 3478 1985 2432 2454 2148
25 3,4 dimethoxy cinnamic acid (25) 3634 1898 2138 2653 2201
5.1.1 GCXGC Retention Indices Models
In 2003 Dimandja presented a model in which retention times collected from
standard 1D GC was used to predict GCXGC chromatogram for complex mixtures. This
model used the differences in KI for two columns to predict separation and column
choice. The types of columns used are listed in Table 5.1 the stationary ranges from
polar, non-polar, semi-polar, size selective and methyl silicone. Equation 5 in chapter 4
was used to determine the kovats indices. The x-axis of the predicted plots is represented
as the lignin standard KI for the first dimension (FD) column of the chromatogram. The
y-axis is the second dimension (SD) column of the chromatogram. The Delta I (Al) is
computed using Equation 3. The computation of Al on the y-axis refers to the second
dimension in a GCXGC chromatogram. The KI for the lignin standards of the SD column
are subtracted from the KI for the lignin standards for the FD column. An alternative
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way of viewing the FD is lignin standards that are eluting between their neighboring
alkanes. The SD shows the components that are co-eluting. The box in Figure 5.1 shows













10 13 16 19 22 25
Rtx-1701 FD
Figure 5.1. Illustration of GCXGC analysis from a predictive plot. The box is
congestion observed from a 1DGC view.
separates these components that would be co- eluting from a FD view. The identification
separation of lignin standards is very important because lignin structures are very similar.
The separation elution order between lignin structures is dependent upon the number of
functional groups on the benzene ring. Most GCXGC systems columns used on the first
dimension are non-polar column which elute components according to their boiling point.
The GCXGC second dimension stationary normally used are semi-polar or polar
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columns. These stationary columns allow component to be separated according to their
polarity and interaction with the stationary matrices.
The predictive plots generated using the five columns are in Figure 5.2 and 5.3.
These plots were generated using the linear model. These plots show a predictive view of
how different column sets yield different separation for lignin standards. Column A, B,
C, D, E have different FD columns on x-axis. In Column A the plots with Wax on the
FD the lignin components are eluting in linear formation. The other column plots are not
eluting in a linear formation. The plots in column A are separating in a negative slope.
There is a notable trend with the number of carbons. On the FD x-axis, the lignin
components follow the volatile elution order. The lignin standards acid (-COOH) groups
are retained longer in the FD for all columns. The retention time of the acid groups were
noticeable but not enough to hinder the separation. The study of the trends according to
functional groups and carbon numbers are important with establishing a periodical library
of lignin components. These plots provide a glimpse of the challenges one would have
finding the best separation plots if a predictive coefficient is not available.
88
-4
-6 . B -2 •
-8 •~
•5 • ‘;• . • , •




,~-i6 • • •
•~3 • -7~-io -6
-2) -8
-~ • -6
1) 13 16 19 22 ~15 2)2) 3) 3)40 i2 1416182) ~ 2)2)
Vi~csçeIcoiom Rx-17O1R~ R~~J
-~ • 1-------
5 • ~ 5.5
~--6 •5 • • • • •• ~
a • a •
~-8 X ~-1 t 55
.~ •‘ ~-2
~10 • . • +5
; •• 5 •
~—12 ii • ••
~ S • ••4
-14 • -~
5, e • ‘ -6 --
-16 • 4 5 12 14 16 182)~~12)2)
15 2) 2) 3) ~ 1) t3 16 13 2) R*EBCFIJ
Vi~ca~ lORD R*l~)1R:
~: • :
~ :~~ • X3
~10 5• • 5 • • S S •
~ •‘ ••
,~12 W8
.~ ~ 1 • • •
~ • S •• • • • 5—14 e • • , 6,.
5 C ~. •,~• .~ • S
-16 5 16 13 22 ~ 4
152)2)3)3)4)
iR~cS~~Ia, lORD ~frl~1~




— tfl’) •Ig,SD $ • • ~‘—i , 5
d_ o. • • •
x—12 •~ •~ ~-2 • • • • ~3 , ,
—14 ‘ , 5 * 5 • 5 $ c~-4
~_15 • • • ~-5 + -
-18 , -6
-2)
-~ 13 13 16 13 22 Z
15 2) 2) 3) 3) 4) I~+1~1w
~airn
Figure 5.2 The linear model KI generated predictive plots (A) FD Wax column SD HP-
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Figure 5.3 Continuation of the linear model KI generated predictive plots (D) FD HP-5




5.1.2 Modification of GCXGC Retention Indices Model
Seeley’s modification model according to his publication generates better
predictive plots than Dimandja’s model.4 In Seeley’s study he found that with using
Dimandja model there are no accounts for thermodyamic factors that occurs in the
isothermal processes. The exponential model in Equation 4 uses the Delta I in an
exponential expression. In his study, he noticed that a homologous series generated a
downward curve in the predictive plots. His study showed the retention time and the
retention indices are linear in nature. This observation is normal in temperature ramping.
A value calculated from the ratio of the adjusted isothermal retention time for
homologous series slope to one. Seeley determined an interactive value for predicting
better predictive plots. The A value was 1.5 for his homologous series. The best values
of A were between 1.5 and 1.8. Using this modification model, predictive plots were
generated in Figures 5.4 and 5.5. Column A, B, C, D, E have different FD columns on x
axis. According to modification Rtx-1701 on the x-axis, FD is extremely congested for
RtX-BDEX, Wax and HP-5 for the SD column on the y-axis. In Column A, where Wax
is the FD column, one observe the downward slope Seeley made reference to in his paper
about the homologous series used in this study.4 If one compares the exponential model
modification with the linear model in Column A for Figures 5.2 and 5.4, both models
eluted in a linear manner and both are following the same negative slope in its elution
pattern. The lignin acid group elution patterns are also mimicked in the modification.
The lignin standards acid groups are retained much longer in on the exponential model
causing distortion and congestion of the lignin standards in some of the predictive. Even
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with the modification proposed one would still have challenges determining which
column would yield the best separation for the lignin components.
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Figure 5.4 The exponential model KI generated predictive plots (A) FD Wax column
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5.2 Lignin Standards Tandem Column Set Selections
Column Selectivity is important when generating these predictive plots for linear
model and exponential model. Developing a coefficient for determining which colunm
sets yield the better separation for lignin component will eliminate going by observation.
There are several column sets that are obviously not yielding good separation for the
lignin standards. Establishing an algorithm to calculate a value to determine better
separation will assist with the colunin selectivity challenges.
5.2.1 Dispersion Zone Density Coefficient
The predictive plots for GCXGC analysis were subjected to the dispersion zone
density test. This test is designed to calculate which two combinations of columns will
give the best dispersion value for the lignin standards. An algorithm was developed for
selecting the best tandem column sets. This algorithm probably can be used for other
complex mixtures. The algorithm is called Dispersion Zone Density Coefficient. The
DZD coefficient is used to find the best tandem column sets for the lignin standard
mixture. Equation 6 utilizes the Al and AAI of the lignin standards as weighted value.
This will decrease any ambiguity in the DZD coefficient that might occur from each plot
or each FD column KI. In this study maximum value of the lignin standard SD Delta I
multiplied by the maximum lignin standard value for FD KI is the area. The same were





Area of Lignin Standards Equation (6)
All of the plots with the same FD column on the x-axis were compared using the DZD
coefficient. The DZD coefficient value is shown on each plot in Figure 5.6. The linear
model predictive plots with the highest coefficient were selected as one of the best
tandem columns sets for the separation of lignin components.
Figure 5.6 The linear model KI generated predictive plots with value of the calculated
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There were five tandem column sets selected using the linear model (Figure 5.7).
In Table II DZD value are highlighted for the best tandem column set for lignin
components. These column sets chosen will be use for the GCXGC analysis of the lignin
components. The evaluation for choosing the best column sets for exponential model
was not as easy to choose (Figure 5.8). The lignin standards with —COOH functional
groups made it difficult to use the DZD coefficient rules. The highest DZD coefficients
for the exponential mode were the combination with Wax on the 2m1 dimensional. It was
obvious these column sets were not the best separation for lignin standards. The COOH
group values plotted for the lignin standards were distorting the exponential plots. When
using the exponential model for large values of Delta I will always be problem. For the
exponential model the large DZD coefficient could not be used. In Table 5.2 the
numbers in red are the columns that were not used to evaluate which column sets should
be used. The columns sets excluded were the column set with Wax on the 2~’ dimension.
The column sets with the highest DZD for the linear model are Wax columns on the 2nd
dimension. For the exponential model the second highest was investigated as a potential
alternative (Figure 5.9). There still were some discrepancies on how congested the
separations of lignin standards were in these predictive plots. One column set was
chosen out of the 2~’ highest DZD coefficient Rtx-J3DEX vs Rtx- 1701. The third
alternative was the third highest DZD coefficient (Figure 5.10). The column sets
separation visually had the dispersion needed to have good separation among the lignin
standards. The column sets chosen from the third highest DZD were HP-S vs Rtx-1701,
Rtx- 1 vs Rtx- 1701, Wax vs Rtx- 1701. The last column sets were between Rtx- 1701 vs
HP-S or Rtx- 1701 vs HP-i. The DZD coefficient was 4 and 3 respectively. The Rtx
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1701 vs Rtx-l was chosen to have a variety of column sets to compare with the linear
model. Also according to the literature semi-polar columns are the standard columns
used on the second dimension for GCXGC analysis.
The column sets with the largest DZD coefficients were investigated. The larger
exponential values of the acid components were removed to see if this would make a
difference in the column selection. These adjustments did not make a difference from the
initial outcome. Column sets with Wax on the SD had the largest DZD value and
according to exponential model predictive plots would yield poor separation. When the
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Figure 5.7 The five highest DZD coefficient for GCXGC retention indices model.
Figure 5.8 The exponential model KI generated predictive plots with the calculated
value of DZD coefficient.
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modification retention indices model.
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The five best separation tandem column set for both models are shown in Figure
5.7 linear model and exponential model in Figure 5.11. In Table 5.2 are the column
selected from the DZD coefficient for the exponential model and the linear model. The
exponential is listed and highlighted in yellow. The SD column selected for linear model
is Wax and exponential model Rtx- 1701. The other SD column was Rtx- 1 and that
column was for both models. Based on DZD coefficient, the best column for linear
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Figure 5.11 Five tandem column set for GCXGC modification retention indices model.
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would probably retained longer on the column. Since the polarity of some the lignin
Table 5.2 DZD coefficient for the predictive tandem columns sets.
2nd Highest 3rd Highest
A Tandem Column Set Al DZD A~’Al DZD A’~Al DZD AMI DZD
WaxvsRtx-1 0.13 0.13 0.13
WaxvsRtx-1 701 26 0.36 0.36 0.36
WaxvsRtx-BDEX 25 0.39 0.39 0.39
WaxvsHP-5 34 0.16 0.16 0.16
B Tandem Column Set Al DZD AAAI DZD AAAI DZD AAAI DZD
Rtx-l7OlvsRtx-1 10 3 3 3
Rtx-l7OlvsWax 1506 1506 1506
Rtx-l7OlvsRtx-BDEX 2 16 16 16
Rtx-l7OlvsHP-5 8 4~ 4
C Tandem Column Set Al DZD A”AI DZD A’~AI DZD AAAI DZD
BDEXvsRtx-1 11 2 2 2
BDEXvsRtx-1 701 2 8 8 8
BDEXvsWax 879 879 879
BDEXvsHP-5 9 3 3 3
D Tandem Column Set Al DZD AAAI DZD AAAI DZD AAAI DZD
HP-5vsRtx-1 2 8 8 8
HP-5vsRtx-1 701 8 35 35 35
HP-5vsBDEX 9 49 49 49
HP-5vsWax 5836 5836 5836
E Tandem Column Set Al DZD AAAI DZD AAAI DZD AAAI DZD
Rtx-lvsHP-5 2 14 14 14
Rtx-1 vsRtx-1 701 10 46 46 46
Rtx-1 vsRtx-BDEX 11 74 74 74
Rtx-lvsWax 4519 4519 4519
standards are similar the interaction with polar column might yield better separation. The
column predicted for exponential model is a semi-polar column for the SD. In most
literature a semi-polar column are used during GCXGC analysis for most diesel type
compounds.5’ 6 However, the DZD coefficient selected another SD Rtx-1. Rtx-1 is a
methyl silicone column its stationary matrix group is poly(dimethylsiloxane) phase. This
column is a non-polar column. The other columns used have 86, 65, 95 percent of
dimethyl siloxane in the stationary phase matrices. The combination of Rtx- 1 and Wax
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and Rtx-1 and Rtx-1701 yield the highest DZD coefficient. The Rtx-1 was the FD
column for both models predictive plots.
5.2.2 Linear Regression of the Predictive Plots
In Table 5.3 are the values for the linear regression for plots of the Ki. These
values are in descending order. Examples of each plot are in Figure 5.12 and 5.13.
Linear regression was used to look at the good fit for data of the generated KI. The lignin
regression showed in tandem column set A wax column on the first dimension and Rtx
BDEX on the SD is the better fit for the data and better separation would probably be
observed in the authentication. The Rtx-1701 on the first dimension and Rtx-BDEX on
the second dimension the linear regression value was 0.9096. Column sets C and D best
linear fit are BDEXvsWax, HP-5vsRtx-l, Rtx-lvsHP-5. The HP-S and HP-i the data
linear regression is high because these columns stationary matrices are similar which in
return the lignin components elution order is similar. The column set with 1701 was the
next highest linear fit. In Figure 5.14 and 5.15 are the AT plots of the linear regression for
1701 and Wax on the y-axis. These AT plots were put in Table 5.4 with the tandem
column sets determine by DZD for separating the lignin standards. The linear regression
for the Al of the column sets with 1701 on the second dimension the fit is lower than the
Wax. The fit used for the column set with 1701 on the SD was the polynomial equation.
These plots had more scattering than the Wax column on the SD.
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Table 5.3 Tandem column sets linear regression of the KI.
A Tandem Column Set Linear Regression
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Figure 5.12 The linear regression of the generated KI for lignin standards.
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Figure 5.13 The linear regression of the generated KI for lignin standards.
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Table 5.4 The linear regression of the KI, iM and A’s’ of the DZD colunm selection.






Tandem Column Set Linear Regression Kl Linear Regression AAAI






R tx -1 v s W a x
4500
1500
1000 - y = 140.7x + 925.45
500 - R2 = 0.8758
0-
0.00 5.00 10.00 15.00 20.00 25.00
D e Ita I
R tx -1 7 0 1 v a W a x
4 5 0 0 —— —
25
1500 -
1000 - y = 172.41x+ 1092.4
50 0 R ~ = 0 .8 6 8 8
0
0.00 5.00 10.00 15.00 20.00
0 e Ita I
R tx -B D E X V S W a x
4500
HV*.
1000 y = 211.54x + 874.55
500- 5.0 R2=O.843 20.0
D e Ita I
H P -5 v s W a x
4 5 0 0 — -
1500 -
1000 - y = 145.36x+ 960.35
500 - R2 = 0.8323
0-
0.00 5.00 10.00 15.00 20.00 25.00
D e Ita I
W a x v S R tx -1
2 5 0 0 — - — - -
2000
h:::
500 Y = 40.702x + 925.45
R 2 = 0 .3 7 1 1
0-
0.00 5.00 10.00 15.00 20.00 25.00
D e Ita I
Figure 5.14 The linear regression of the generated AT for lignin standards.
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Figure 5.15 The linear regression of the generated Al for lignin standards.
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5.2.3 Predictive Comparison of Linear model and Exponential model
The best of the linear models results were compared with the same column sets
using the exponential model selected. The best five predictive plots using the linear
model are considered to be the worst for lignin separation when compared to the
exponential model. In Figure 5.16 are the best column selection of linear model and the
same column combination for exponential model. According to the exponential model it
has poor separation using the exponential model predictive plots. The selections show
both models retained -COOH functional groups on the standards longer. However,
exponential model the -COOH functional groups are retain much longer on the SD
column causing poor separation. This observation and its impact on each model will be
considered in the next section. The column set Wax vs Rtx-1 separation is similar and
the -COOH functional groups on the lignin did not cause poor separation.
The same was done for the exponential model. In Figure 5.17 are the exponential
model best compare to the same column combination for the linear model. The
comparison is different than the other comparison because the linear models for the same
columns have good separation for all except Rtx-BDEX vs Rtx- 1701. The predictive
plots for the linear model would have better separation for the lignin standards. The —
COOH functional group on the lignin standards retention was not as significant as it was
when comparing the linear model best to exponential model. The linear model when
using as semi-polar column on the SD the retention of the —COOH are not significant
enough to cause poor separation. That is what separated exponential model from the
linear model. The exponential model when using —COOH components will always have
poor resolution regardless of what complex mixture used. At this point one could
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exclude the exponential model from being used for complex mixture that encumbers acid
components.
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Figure 5.17 Comparison of best column selection of exponential model columns to
linear model same column set.
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5.3 Authentication Comparison of GCXGC Retention Indices Models
The best five predictive plots for the linear model and the exponential model were
selected using the DZD coefficients algorithm. The DZD coefficient is used to determine
which tandem column sets yield the best separation of the lignin standards (components)
mixture. A lignin mix and individual lignin standards were analyzed using GCXGC.
Predicted (simulated) GCXGC chromatograms were generated based on two models.
Ten combinations of tandem column sets were selected from two models using the DZD
coefficient. The DZD algorithm was used to determine out of 20 plots for each model
which would yield the best separation for lignin standards. The column sets chosen were
discussed in previous section. The GCXGC authentication FD and SD are displayed FD
vs SD. There are retention times for both axises. The first dimensions are in minutes and
SD are in seconds.
5.3.1 General Comparison of Linear Model and Exponential Model
Figure 5.18 are the GCXGC chromatograms using the linear model and Figure
5.19 are the GCXGC chromatograms for the exponential model determine by the DZD
coefficient. These chromatograms are viewed as contour plots. The lignin mix was
spiked with an alkane mixture. The markings at the bottom of the chromatograms are the
alkanes. The lignin mixture was spike with alkanes. In DB-BDEX for both models the
alkanes are not easily notice but are displayed a horizontal increase slant as the run time
increases on the FD.
As can be seen in Figure 5.18 combinations using the non-polar FD and the polar
column on SD provides the best results for separating the lignin mix. The tandem sets
DB-5 vs Wax and DB- 1 vs Wax produced the best separation, however it was noted that
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as the run time increased more lignin components were separated using these column
sets. The DB-1701 vs Wax produced good separation as well. The combination of Wax
vs DB- 1 lignin components were retained longer on the FD, however in the SD the lignin
components were not retained causing separation congestion (co-elution). This is
important to note because lignin components are polar and will not be retained on the SD.
Out of the best 5 predictive plots chosen by the DZD coefficient the non-polar vs polar
columns produced better separation for the authentication for D’s model.
The exponential model plots in Figure 5.19 followed the same patterns and type
of columns as the linear model predictive plots. DB-1701 is a semi-polar column. The
combination DB-BDEX vs DB-1701 combination followed the same pattern as the linear
model for the authentication chromatograms with the spiked alkanes eluting vertically as
the runtime increased. The alkanes were not readily identified using the DB-1701 on the
SD. In the exponential model combination chosen by DZD coefficient separation
occurred but not as much as the linear model selected by the DZD coefficient. The non
polar vs and semi-polar columns yielded the best separation for exponential model. DB-5
vs DB-1701 and DB-1 vs DB-1701 combination produced the best separation out of the
five best predicted for exponential model authentication chromatogram. DB-5 vs 1701
produced a better separation than DB-l vs 1701 for the lignin mixture.
113
Wax vs DB-1 DB-5 vs Wax
1.
Figure 5.18 DZD coefficient best separation column combination for linear model the x
axis column are Wax and DB-1 in minutes and y-axis are DB-f3DEX, DB-1701, DB-1,
DB-5 and Wax in seconds.
DB-1 7OlvsWax DB-1 vs Wax
DB-f3DEX vs Wax
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Wax vs DB-1701 DB-5 vs DB-1 701
Figure 5.19 DZD coefficient best separation column combination for exponential model
the x-axis column are DB-1701 and DB-.1 in minutes and y-axis are DB-I3DEX, Wax,
DB-1, DB-5 and DB-1701 in seconds.
DB-1 vs DB-1 701
DB-f3DEXvs DB-1701
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5.4 The Models Authentication Comparison
The models authentication comparisons in Figure 5.20 through 5.24 have notable
differences. The combinations have the same first dimension column but different
second dimension columns. DZD coefficient determined for the exponential model DB
1701 and linear model DB-Wax has better separation on the second dimension. Figure
5.20 clearly shows the linear model has the better separation in the SD. Using wax in the
SD shows the differences in polarity of the lignin components producing better separation
and the components retention times to increase. The actual results using exponential
model chromatogram showed lignin components were not fully resolved in the SD
causing separation congestion. Separation using this combination is observed, but not at
the extent of the predicted. The DB-1 vs Wax (linear model) and DB-1 vs DB-1701
(exponential model) in Figure 5.20 showed better separation using linear model as
predicted. The second dimension dispersion was very congested with lignin components.
The exponential model predicted separation of the lignin components but was not
observed or resolved when the combination was used in the GCXGC analysis. The linear
model is the better model between these two combinations. The DB-f3DEX on the FD
and the DB-1701 and Wax on the SD gives some separation (Figure 5.22). The DB-Wax
on the SD gives better dispersion than the DB- 1701. Retention is about the same for the
last component eluted. The combination DB-5 on FD and the DB- 1701 and Wax on the
SD both yielded good separation (Figure 5.23). The combination with DB-1 on the SD
and Wax and DB-1701 on the FD did not yield good separation (Figure 5.24). Polar
columns on the FD did not yield good separation with any of the tandem set combination
in this study. The second dimension does not have good dispersion because all of the
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lignin components are not retain long enough on a non-polar column. Linear model has
better separation for all of the combinations expect DB-5 vs DB- 1701.
Figure 5.20 Models GCXGC authentication column combinations comparisons of the
linear model DB-1 (FD) vs DB-Wax (SD) and exponential model DB-1 (FD) vs DB
1701 (SD) of lignin standard mixture spike with alkanes.
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Figure 5.21 Models GCXGC authentication column combinations comparisons of the
linear model DB-1701 (FD) vs DB-Wax (SD) and exponential model DB-Wax (FD) vs
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Figure 5.22 Models GCXGC authentication column combinations comparisons of the
linear model DB-I3DEX (FD) vs DB-Wax (SD) and exponential model DB-f3DEX (FD)
vs DB-1701 (SD) of lignin standard mixture spike with alkanes.
I
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Figure 5.23 Models GCXGC authentication column combinations comparisons column
combinations the linear model DB-5 (FD) vs DB-Wax (SD) and exponential model DB-5
(FD) vs DB-1701 (SD) of lignin standard mixture spiked with alkanes.
-5 vs DB-Wax I
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~-17O1 vs DB-1
Figure 5.24 Models GCXGC authentication column combinations comparisons the
linear model DB-f3DEX (FD) vs DB-Wax (SD) and exponential model DB-f3DEX (FD)
vs DB-1701 (SD) of lignin standard mixture spiked with alkanes.
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5.5 The Models Comparison Authentication vs Predictive
The comparisons of the actual and theoretical GCXGC chromatograms are in
Figure 5.25 - 5.34. There are notable differences between the DZD coefficient predictive
plots and the authentication GCXGC. There are more differences in exponential model
compared to linear model. Better separation was yield by the linear models. The linear
model predictive plots looked more similar than the exponential model. Exponential
model in the literature stated his model would give better predictive plots but based on
the observation the linear model produce better separation. The linear model for lignin
with —COOH functional groups were not as noticeable in the authentication. The acids
were always the longest retain on the column for the predictive plots. However, for the
exponential model it was noticeable the longer retain lignin with —COOH functional
group. DB- 1 vs DB- 1701 yield good separation in the predictive but in the authentication
it was congested on the SD. The components were not retained on the SD to yield good
dispersion. The exponential model combination DB-5 vs DB-1701 yield good separation
and it was mimicked by the authentication.
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Figure 5.25 The linear model comparison between the GCXGC authentication and the





Figure 5.26 The linear model comparison between the GCXGC authentication and the
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Figure 5.27 The linear model comparison between the GCXGC authentication and the
predictive plots DB—f3DEX (FD) vs DB-Wax (SD).





Figure 5.28 The linear model comparison between the GCXGC
predictive plots DB-5 (FD) vs DB-Wax (SD).
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Figure 5.29 The linear model comparison between the GCXGC authentication and the
predictive plots DB-Wax (FD) vs DB-1 (SD).
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Figure 5.30 The exponential model comparison between the GCXGC authentication and
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Figure 5.31 The exponential model comparison between the GCXGC authentication and
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Figure 5.32 The exponential model comparison between the GCXGC authentication and






Figure 5.33 The exponential model comparison between the GCXGC authentication and
the predictive plots DB-5 (FD) vs DB-1701 (SD).
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Figure 5.34 The exponential model comparison between the GCXGC authentication and
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6.1 Characterization and Identification of Lignin Components
The DZD coefficient was used to determine the tandem column sets that should
yield the best separation of lignin standards using the GCXGC. Based on the DZD
algorithm the exponential model would not fit a system to choose the best combination.
DZD coefficient was used but the 3rd highest DZD for the column sets were chosen. The
exponential model best five tandem column sets were used for the GCXGC analysis. Out
of the five produced from the GCXGC analysis only two were used to for
characterization and identification of the lignin components. The two chosen were
determined based on DZD coefficient for the linear model. DZD coefficient determined
DB-l vs Wax and DB-5 vs Wax yielded the best separation from the predictive plots for
the linear model. In the previous chapter, it was observed from the GCXGC
authentication chromatogram for the exponential model DB-l701 vs DB-l, DB-Wax vs
DB-1701 and DB-f3DEX vs DB-1701 did not produce the best separation. DB-5 vs 1701
and DB-l vs DB-1701 produce the best separation. The other column sets for the
exponential model were not retained on the SD to give a good separation between the
lignin standards for the identification and characterization analysis. Two column sets
were chosen from each model to be used for characterization and identification. DB-5
and DB- 1 on the FD was chosen. These columns are non-polar and the stationary
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matrices of these columns are normally used in for GCXGC. In order to identify the
lignin components from the GCXGC chromatogram and compare with predictive plots,
graphs were generated using the retention time of the lignin components from the
GCXGC analysis. The lignin standards were injected individually and the retention time
was collected for the FD and the SD.
6.2 Comparison of Authentication to Predictive
In Figure 6.1 - 6.4 are the generated graphs for the authentication and the
predictive. The color numbers are identifying the number of methoxy substituent on the
lignin component (1-red, 2-blue and 3-purple). The circles are identifying the lignin
acids. In Table 6.1 are the names of the lignin standards and their numbers to identify
them in each tandem column set. The table is in order of the FD retention time. The
retention time of the lignin standards are eluting according volatility. The FD elution
order is according to volatility. The SD is according to polarity but in this case there are
slight similarities in elution order on the SD. In the predictive plots the lignin standards
with —COOH attached were retained longer on the SD and FD cause less separation to
occur in the SD. This was definitely observed for the exponential model. Numbers 28,
25, and 32 are the lignin standards with —COOH functional group. Guaiacyl and Syringyl
are important components in lignin structures these components are single out. Guiaiacyl
groups has one methoxy groups (-OCH3) and Syringyl has two methoxy groups. The
numbers assigned for the Guaiacyl grouping are 1, 2, 3, 5, 7 and 19. The numbers of for
the Syringyl grouping are 8, 9, 21, 25, 27, 29 and 30. There were also two lignin
components that had three methoxy group but they are not a majoring component in the
lignin composition those numbers were 26 and 32. The other numbers are
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Hydroxylphenylpropane components you would fine these components majority in grass
number 4, 11, 12, 13, 14, 17.




30 1,2 dimethoxy ben~ene (30)
2 methylguaiacol (2)
14 5-hydroxymethyl-2-furaldehyde (14)
1 1 trans&cis propenyl phenol (1 1)
4 methylcatechol (4)
3 methoxycatechol (3)
26 1 ,2,3 trimethoxy benzene (26)











25 3,4 dimethoxy cinnamic acid (25)
9 sinapyl alcohol (9)
32 3,4,5 trimethoxycinnamic acid (32)
Figures 6.1 - 6.2 used the linear model with DB-5 and DB-1 on the FD. The D’s
model continues to yield good dispersion among the lignin standards. In the graph each
of the lignin components have been label. The lignin standards in the authentication and
predictive plot have similar elution order. In the predictive plot the lignin standards with
an acid as a functional group were retain longer on the FD and the SD. The elution
retention of the —COOH are being retained on the FD but not on SD. The lignin
monomer units, Guaiacyl and Syringyl are not following any noticeable trend in the
predictive or the authentication plots on the SD.
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In Figure 6.3 and 6.4 are the exponential model authentication and predictive
plots with DB-l and DB-5 on the FD. The authentication in the linear model seemed to
have greater dispersion than the predictive graphs. However, the authentication for the
exponential model is the opposite. The lignin standards are label in each graph. The acid
groups retain their retention on the FD and the SD. The elution on the FD was
maintained. The monomer groups, Guaiacyl and Syringyl from the lignin composition in
the plots had no noticeable trends.
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Figure 6.1 DB-5 vs DB-Wax generated graphs for the authentication and the predictive.
The color numbers for methoxy substituent on the lignin component (1-red, 2-blue and 3-
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Figure 6.2 DB-1 vs DB-Wax generated graphs for the authentication and the predictive.
The color numbers for methoxy substituent on the lignin component (1-red, 2-blue and 3-
purple). The circles are identifying the lignin acids.
139
Authentication Plot DB-5 vs DB-l 701
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Figure 6.3 DB-5 vs DB- 1701 generated graphs for the authentication and the predictive.
The color numbers for methoxy substituent on the lignin component (1-red, 2-blue and 3-
purple). The circles are identifying the lignin acids.
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Authentication Plot DB-1 vs DB-1 701
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Figure 6.4 DB- 1 vs DB- 1701 generated graphs for the authentication and the predictive.
The color numbers for methoxy substituent on the lignm component (1-red, 2-blue and 3-
purple). The circles are identifying the lignin acids.
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6.3 Scaling Authentication and Predictive Graphs
Each plot was scaled for the prediction and authentication plots to compare on the
same on the scale. Only the SD was scaled because the lignin standards basically follow
the volatility elution order on the FD. In Figure 6.5 is the graph of DB-5 vs Wax scaled
on the SD and scaled on the FD. In the literature, FD is independent of the SD because
FD is analyzed by a different column which normally elutes according to volatility. It is
difficult to follow the correlation of the predictive and authentication plot using two
different FD retention times. In order to see the correlation of the SD order of elution the
authentication retention times were used for the FD retention time. In Figures 6.6 - 6.9
are the predictive and authentication scaled plots. One of the consistent eluting lignin
components was use for the scaling. Phenol, number 12 is consistent and elutes in the
same position for all of the plots. Combination DB-5 vs Wax (linear model) phenol (12),
2,6 methoxy phenol (27) and acetosyringone (21) are eluting according to predictive.
There are major differences between the predictive and authentication results of the acids,
25, 28 and 32. Lignin standards were transposed for methoxycatechol (3),
methylcatechol (4) and propenyl phenol (11). The authentication and the predictive for 1,
2 dimethoxy phenol (30) and p-hydroxybenzaldehyde (17) are not eluting as predicted.
There were not notiable trends between the methoxy substitutients using DB-5 vs Wax.
In DB-1 vs Wax has Methoxycatechol (4) and methycatechol (11) transposed. 1, 2
dimethoxy phenol were in close range but p-hydroxybenzaldehyde were still far apart
from the predictive and authentication. Using the other set of columns for the linear
model predict and authentication plots p-hydroxyacetophenone (18) and acetovanillone
(19) were close but not for this column set. 5-hydroxymethyl-2-furaldehyde (14) was
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within 5% of the authentication. The tandem column set DB-5 and DB-1701 has five of
the lignin standards to eluted as predicted and one was an acid. Phenol (12),
methoxycatechol (3), Propenyl phenol (11), sinapyl alcohol (9) and 3, 4 dimethoxy
cinnamic acid (25) elute as predicted based on scaling. The lignin acids on the other
scaling graphs did not eluted as predicted. The alignment only had majority of the
authentication at the bottom.
Figure 6.9 DB-1 vs DB-1701 (exponential model) had several lignin components
to eluted as predicted. Not much scaling was need for this combination. Results were
not consistent with the predictions for the elution. Several components are eluting as
predicted Methoxycatechol (3) and propenyl (11) phenol, acetoxybenzaldehyde (13) and
2,6 dimethoxyphenol (30). The hydroxylphenylpropane 5-hydroxymethyl-2-furaldehyde
(14), p-hydroxybenzaldehyde (17), p-hydroxyacetophenone (18) did not eluted as
predicted. The scaling for the DZD coefficient selection for the linear model required
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Figure 6.5 DB-5 vs DB-Wax graph of the predictive (squares) and authentication
(circles) lignin components scaled up on the SD and scaled up on the FD.
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Figure 6.6 DB-5 vs DB-Wax generated graphs for the authentication and the predictive.
The color numbers for methoxy substituent on the lignin component (1-red, 2-blue and 3-
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Figure 6.7 DB-1 vs DB-Wax generated graphs for the authentication and the predictive.
The color numbers for methoxy substituent on the lignin component (1-red, 2-blue and 3-
purple). The circles are identifying the lignin acids.
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Figure 6.8 DB-5 vs DB-1701 generated graphs for the authentication and the predictive.
The color numbers for methoxy substituent on the lignin component (1-red, 2-blue and 3-
purple). The circles are identifying the lignin acids.
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Figure 6.9 DB-1 vs DB-1701 generated graphs for the authentication and the predictive.
The color numbers for methoxy substituent on the lignin component (1-red, 2-blue and 3-
purple). The circles are identifying the lignin acids.
6.4 Characterization Trend of Functional Groups
In Figure 6.10 - 6.13 are the predictive and authentication graphs label according
to functional groups on the lignin standards. The graphs denote the different functional
groups with different shapes identify each group of lignins. The circles are the acid
lignin standards, triangles are benzene lignin standard, pentagons are label for the diol
lignin standards, diamonds are the aldehyde lignin standards, and no shapes are the
alcohols or phenols. From the graphs there are no noticeable trends or patterns among





























predictive and the authentication. In the tables the lignin standards are group according
to their functional group. There are some noticeable elution order when one account for
the other substituents that are attached along with the main group. The benzene are
eluting at the same time. The benzene groups have 2 and 3 methoxy and that does not
vary in the elution time on the SD for DB-5 vs Wax and DB-5 vs 1701. In the Table 6.3
there is a difference in elution order. The two methoxy are eluting first for the DB- 1 vs
Wax and DB- 1 vs 1701 there is not a difference. The aldehydes and the alcohols all have
different elution order. The diols for authentication elutes 3 and 4 respectively for the
predictive the 4, 3 are eluted respectively. The ketone group the combinations are in
agreement 29 is the first for the other three standards they are very close in retention time
on the SD.
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Figure 6.10 DB-5 vs DB-Wax generated graphs for the authentication and the
predictive. The color numbers for methoxy substituent on the lignin component (1-red,
2-blue and 3-purple). The shapes are label according to functional groups on the lignin
standards acid (circle), benzene (triangle), diol (pentagon), aldehyde (diamonds) and no
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Figure 6.11 DB-1 vs DB-Wax generated graphs for the authentication and the
predictive. The color numbers for methoxy substituent on the lignin component (1-red,
2-blue and 3-purple). The shapes are label according to functional groups on the lignin
standards acid (circle), benzene (triangle), diol (pentagon), aldehyde (diamonds) and no
shapes are the alcohols or phenols.
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Figure 6.12 DB-5 vs DB-1701 generated graphs for the authentication and the
predictive. The color numbers for methoxy substituent on the lignin component (1-red,
2-blue and 3-purple). The shapes are label according to functional groups on the lignin
standards acid (circle), benzene (triangle), diol (pentagon), aldehyde (diamonds) and no
shapes are the alcohols or phenols.
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Authentication Plot DB-1 vs DB-l 701
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Figure 6.13 DB-1 vs DB-1701 generated graphs for the authentication and the
predictive. The color numbers for methoxy substituent on the lignin component (1-red,
2-blue and 3-purple). The shapes are label according to functional groups on the lignin
standards acid (circle), benzene (triangle), diol (pentagon), aldehyde (diamonds) and no
shapes are the alcohols or phenols.
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Table 6.2 Functional groups lignin standards elution order on FD DB-5 SD columns
DB-Wax and DB-1701.
Lignin Standards Functional Groups — DB-5 vs DB-Wax DB-5vs DB-1701
acid mlz Authentication SD Predictive SD Authentication SD Predictive SD
25 3,4 dimethoxy cinnamic acid (25) 208 0.66 14.34 0.66 0.76
28 3-(4-hydroxyphenyl)propenoic acid (28) 166 1.05 19.95 2.1 5.68
32 3,4,5trimethoxycinnamicacid (32) 238 1.64 17.91 2.43 3.26
Order of Elution — 25,28,32 25,32,28 25,28,32 25,32,28
benzene
26 1,2,3trimethoxybenzene(26) 168 2.17 6.16 2.04 1.61
30 1,2 dimethoxy benzene (30) 138 2.17 5.54 2.04 1.62
Order of Elution — same same same same
Ketone
29 3,4-methoxyacetophenone (29) 180 1.05 9.02 0.99 3.20
21 acetosyringone(21) 196 1.84 12.21 2.23 4.15
19 acetovanillone (19) 166 2.04 11.39 2.23 4.14
18 p-hydroxyacetophenone (18) 136 2.1 15.72 0.99 7.50
Order of Elution — 29,21,19,18 29,19,21,18 29:18,19:21 29,19:21,18
diol
4 methylcatechol (4) 124 1.12 13.29 0.99 4.01
3 methoxycatechol (3) 140 1.25 11.83 2.3 2.85
Order of Elution — 4,3 3,4 4,3 3,4
aldehyde
8 syringaldehyde (8) 182 0.66 12.47 2.3 4.26
5 Vanillin (5) 152 0.99 11.12 2.3 3.28
7 trans-coniferaldehyde (7) 178 1.05 13.69 2.36 5.05
13 acetoxybenzaldehyde (13) 164 1.18 8.43 0.72 2.81
17 p-hydroxybenzaldehyde(17) 122 1.18 15.71 1.12 7.12
14 5-hydroxymethyl-2-furaldehyde (14) 126 2.17 12.01 2.43 3.61
OrderofElution — 8,5,7,13:17,14 13,5,14,8,7,17 13,17,5:8,7,14 13,5,14,8,7,17
alcohol
11 trans&cispropenyl phenol (11) 134 0.66 9.97 2.17 2.62
2 methylguaiacol (2) 138 1.05 7.32 2.1 1.94
I guaiacol (1) 124 1.31 7.56 2.1 1.98
27 2,6 dimethoxyphenol (27) 154 1.38 8.81 2.17 2.42
12 phenol (12) 94 1.51 9.91 2.36 2.86
9 sinapyl alcohol (9) 210 2.04 9.82 2.36 2.85
Order of Elution 11,2,1,27,12,9 2,1,27,9,12,11 1:2,11:27,12:9 2,1,27,11,9:12
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Table 6.3 Functional groups lignin
DB-Wax and DB-1701.
standards elution order on FD DB- 1 SD columns
Lignin Standards Functional Groups DB-1 vs DB-Wax DB-1 vs DB-1701
acid mlz Authentication SD Predictive SD Authentication SD Predictive SD
32 3,4,5trimethoxycinnamicacid(32) 238 1.18 18.27 1.12 3.82
25 3,4dimethoxycinnamicacid(25) 208 1.84 17.36 0.79 2.86
28 3-(4-hydroxyphenyl)propenoic acid (28) 166 2.1 21.42 1.97 10.80
Order of Elution — 32,25,28 32,25,28 25,32,28 25,32,28
benzene
30 1,2 dimethoxy benzene (30) 138 1.84 5.94 1.84 1.93
26 1,2,3trimethoxybenzene(26) 168 1.9 6.70 1.84 2.04
Order of Elution — 30,26 30,26 26:30, 30,26
ketone
19 acetovanillone (19) 166 1.12 11.53 1.97 4.41
21 acetosyringone(21) 196 1.18 12.75 1.97 5.26
29 3,4-methoxyacetophenone(29) 180 1.18 9.75 0.66 4.40
18 p-hydroxyacetophenone(18) 136 1.71 16.29 2.17 9.64
OrderofElution — 19,21:29,18 29,19,21,18 29,19:21,18 19:29,21,18
diol
4 methylcatechol (4) 124 1.58 13.58 0.59 4.57
3 methoxycatechol (3) 140 1.9 12.32 1.97 3.54
Order of Elution — 4,3 3,4 4,3 3,4
aldehyde
13 acetoxybenzaldehyde(13) 164 0.66 8.89 1.97 3.44
17 o-hydroxybenzaldehyde (17) 122 0.99 15.65 2.23 6.96
5 Vanillin (5) 152 1.31 11.59 2.04 4.04
7 trans-coniferaldehyde (7) 178 1.71 14.13 2.04 6.10
8 syringaldehyde(8) 182 1.81 12.84 2.04 5.01
14 5-hydroxymethyl-2-furaldehyde (14) 126 2.43 13.29 2.1 6.31
Order of Elution — 13,17,5,7,8,14 13,5,8,14,7,17 13,5:8:7,14,17 13,5,8,7,14,17
alcoholslphenol
11 trans&cis propenyl phenol (11) 134 1.05 10.33 1.9 3.06
9 sinapyl alcohol (9) 210 1.71 11.14 0.99 5.07
12 ohenol (12) 94 1.97 10.28 1.97 3.35
2 methylgualacol (2) 138 2.04 7.69 1.84 2.27
I gualacol (1) 124 2.23 7.70 1.84 2.12
27 2,6 dimethoxyphenol (27) 154 2.23 9.19 1.9 2.85
Order of Elution — 11,9,12,2,1,27 2,1,27,12,11,9 9,2:1,27:11,12 1,2,27,11,12,9
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6.5 Percent Difference and Percent Error
The percent different is used as gauge between to values. The prediction and the
authentication value were generated by two different methods but the outcome is
expected to similar. The equation
% Difference = lxi — X21 xlOO Equation (7)
((x1 + x2)I 2)
for the percent difference is dividing the absolute difference of the two values by the
average value of x1 andx2. The values from this calculation will always be positive. In
Table 6.4 are the percent differences between the authentication and the prediction.
Table 6.5 show the percent lignin standards that had the same percent difference for each
column combination. The percent categories are 10% and below, 25% and below, 50%
and below, 80% and below and above 80%. For column set DB-5 vs Wax (52%) and
DB-1 vs Wax (57%) lignin compounds fell with 50% of the predicted SD retention time.
This is an agreement within one or two orders of magnitude and strongly suggests that
the elution order can be predicted and falls within an acceptable range given the infancy
of the predictive models. Additional work will provide an insight into how to make the
model produce better results. DB-5 vs DB- 1701 has 70% of lignin standards below 50%.
The DB-1 vs DB-1701 number of lignin standards below 50% was the same as DB-1 vs
Wax 57%. The percent error was calculated to compare the experimental and the
accepted. The lignin standards predictive value are the accepted values and the
Authentication - Predictive
%Error = . X100 Equation (8)
Predictive
authentication is the experimental values. This calculation will yield negative values.
The negative value will indicated whether authentication value came up short or above
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the predictive value. In Table 6.6 are the calculated percent error for predictive and
authentication. There were 10 lignin standards that yield 25% above or below expected
value for column combination DB-5 vs DB-Wax. The lowest number of lignin standards
yielding 25% of the expected value was column set DB-1 vs DB-Wax. They were all
below the predictive values. The number of lignin standards for column sets DB—5 vs
DB-1701 and DB-1 vs DB-1701 were 9 and 7 below or above the 25% percent error. It
obvious the prediction values were different from the authentication value. However, the
there other parameters were explored to better compare the lignin standards.
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Table 6.4 Percent differences between the authentication and the prediction.
DB-5vsWax DB-lvsWax DB-5vs1701 DB-lvsl7Ol
no# Lignin Compounds %Difference %Difference %Difference %Difference
I quaiacol (1) 11.9 40.3 24.6 38.6
2 methylguaiacol (2) 7.0 31.9 27.1 31.7
3 methoxycatechol (3) 37.1 22.0 2.3 5.5
4 methylcatechol (4) 58.4 49.2 108.0 128.0
5 Vanillin (5) 53.3 51.9 16.4 15.2
7 trans-coniferaldehyde (7) 66.9 45.5 55.5 55.1
8 syringaldehyde (8) 97.6 30.8 42.0 36.4
9 sinapyl alcohol (9) 29.8 22.4 0.1 100.3
11 trans&cis propenyl phenol (11) 79.7 61.7 0.1 5.3
12 ohenol (12) 1.0 0.3 0.1 0.1
13 acetoxybenza!dehyde (13) 9.5 88.6 105.4 2.7
14 5-hydroxymethyl-2-furaldehyde (14) 16.0 5.0 20.4 55.4
17 p-hydroxybenzaldehyde(17) 68.8 101.0 136.0 59.0
18 p-hydroxyacetophenone(18) 14.1 58.7 144.9 89.3
19 acetovanillone (19) 15.2 65.8 42.2 27.3
21 acetosyringone (21) 2.0 70.0 42.3 44.4
25 3,4 dimethoxy cinnamic acid (25) 107.9 57.9 5.0 72.1
26 1,2,3 trimethoxy benzene (26) 78.4 38.3 42.3 42.1
27 2,6 dimethoxyphenol (27) 1.7 23.2 8.1 12.6
28 3-(4-hydroxyphenyl)propenoic acid (28) 98.0 64.9 76.3 105.3
29 3,4-methoxyacetophenone (29) 27.8 45.5 91.2 118.7
30 1,2 dimethoxy benzene (30) 87.2 46.8 41.6 47.4
32 3,4,5 trimethoxycinnamic acid (32) 50.8 99.4 10.4 66.9
Table 6.5 Percent differences categories.
DB-5vsWax DB-lvsWax DB-5vs1701 DB-lvsl7Ol
Percent Lignin Lignin Lignin Lignin
Difference Standards # Standards # Standards # Standards #
10% 2, 12, 13,21,27 12,14 3,9, 11, 12,25, 3,11,12,13
27
25% 1,14,18,19, 3,9,27 1,5,14,32 5,27
50% 3,9,29 1,2,4,7, 8, 26, 2, 8, 19, 21, 26, 1,2, 8, 19, 21,
29,30 30 26,30
80% 4,5,7, 11, 17, 5, 11, 18, 19, 7,28 7, 14, 17,25
26,32 21,25,28
Above 8, 25, 28, 30 13, 17, 32 4, 13, 18, 29 4, 9, 18, 28, 29
80%
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Table 6.6 Percent error between the authentication and the prediction.
DB-5vsWax DB-lvsWax DB-5vs1701 DB-lvsl7Ol
no# Lignin Compounds Percent Error Percent Error Percent Error Percent Error
I guaiacol (1) 12.68 50.52 28.07 47.80
2 methylguaiacol (2) -6.79 37.96 31.30 37.62
3 methoxycatechol (3) -31.30 -19.81 -2.3 -5.35
4 methylcatechol (4) -45.20 -39.52 -70.13 -78.06
5 Vanillin (5) -42.1 -41.22 -15.17 -14.09
7 trans-coniferaldehyde (7) -50.16 -37.0 -43.45 -43.19
8 syringaldehyde (8) -65.5 -26.6 -34.68 -30.80
9 sinapyl alcohol (9) 35.0 -20.1 0.1 -66.82
11 trans&cis propenyl phenol (11) -56.9 -47.1 0.13 5.47
12 phenol (12) -1.01 -0.3 -0.08 -0.14
13 acetoxybenzaldehyde (13) -9.04 -61.4 -69.0 -2.70
14 5-hydroxymethyl-2-furaldehyde (14) 17.41 -4.9 -18.5 -43.38
17 p-hydroxybenzaldehyde (17) -51.16 -67.11 -80.97 -45.54
18 p-hydroxyacetophenone (18) -13.15 -45.41 -84.0 -61.72
19 acetovanillone (19) 16.43 -49.50 -34.8 -23.99
21 acetosyringone (21) -2.01 -51.87 -34.9 -36.31
25 3,4 dimethoxy cinnamic acid (25) -70.08 -44.88 5.1 -52.97
26 1,2,3 trimethoxy benzene (26) 129.04 47.38 53.7 53.36
27 2,6 dimethoxyphenol (27) 1.76 26.24 8.4 13.41
28 3-(4-hydroxyphenyl)propenoic acid (28) -65.79 -49.01 -55.2 -69.00
29 3,4-methoxyacetophenone (29) -24.37 -37.06 -62.6 -74.51
30 1,2 dimethoxy benzene (30) 154.58 61.02 52.51 62.06
32 3,4,5 trimethoxycinnamic acid (32) -40.49 -66.42 -9.88 -50.13
6.6 Predictive and GCXGC Authentication Retention Ratios
In Table 6.7 are the retention ratios for the column combination DB-5 vs DB
Wax, DB-1 vs DB-Wax, DB-5 vs DB-1701 and DB-1 vs DB-1701. These column
combinations are the best of the linear model and exponential model respectively. In a
1DGC these compounds represented with red, blue and green circles in Figure 6.14-6.17.
The retention ratios were calculated using the first eluted compound in the congested or
co-eluting area and divide each compound by the retention time of the first compound.
These ratios allowed the predictive and GCXGC authentication to be compare in relation
to retention. The colors in Table 6.8 refer to different 1 DGC congested areas.
Column combination DB-5 vs DB-Wax the retention ratios in all of the 1DGC
congested areas for the GCXGC authentication were better resolved than the prediction.
The order of elution was different for all congested areas. The functionality of the
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structure will be investigated to see if this has any bearing on the elution order. The DB
1 vs DB-Wax red congested area for the authentication was better resolved. The blue
area for some compounds had better resolution for the GCXGC authentication. The
green section the predictive was better resolved than the GCXGC authentication. The
elution order was not consisted between predictive and authentication.
Column combination DB-5 vs DB-1701 the red congested area (4, 11, 3, 14) for
the predictive under predicted for the authentication. The GCXGC authentication was
better resolved than the predictive. The blue (28, 8, 9) and green (21, 7) areas for the
predictive were over predicted. The GCXGC was not resolved as predicted. The elution
order also was not consistent between the predictive and the authentication. The DB- 1 vs
DB-1701 column set for the red section the predictive was under predicted. The blue and
the green for the predictive plots over predicted the GCXGC authentication. The elution
order for the green section was consisted but the blue and red were not consistence.
When comparing the linear model column combination DB-5 vs DB-Wax and
exponential model DB-5 vs DB-1701 GCXGC authentication the red section of the
exponential model retention is better resolved than the linear model red section. The
retention in the blue and green sections for the linear model are better resolved than the
exponential model. The elution is different for both models. The column combination
for DB-1 vs DB-Wax and DB-1 vs DB-1701 the red congestion section the exponential
model his higher retention ratios. This indicates the exponential model lignin
components are better resolved than linear model. The blue congestion section for the
linear model is resolved better than the exponential model. The green congestion section
is the opposite. The exponential model resolved 9 and 28 lignin components better than
158
the linear model. The DB-5 vs Wax retention ratios (linear model) for the lignin
components were better than DB-5 vs DB-1701 (exponential model). The column
combinations DB-1 vs DB-Wax were better resolved for blue 1DGC congestion and DB
1 vs DB-1701 was better for red and green 1DGC congestion.
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Table 6.7 Retention ratios for 1DGC congested areas.
DB-5 vs Wax Retention Ratios
# comp. Authen. Auth ratio # comp. Predict Pred ratio
11 4.3 100 11 9.97 1.00
4 7.3 1.70 3 11.83 1.19
3 8.1 1.88 14 12.01 1.20
14 14.1 3.28 4 13.29 1.33
8 4.3 1.00 9 9.82 1.00
28 6.8 1.58 8 12.47 1.27
9 13.3 3.09 28 19.95 2.03
7 6.8 1.00 21 12.21 1.00
21 12 1.76 7 13.69 1.12
DB-1 vs DB-Wax Retention_Ratios
# comp. Authen. Auth ratio # comp. Predict Pred ratio
11 5.46 1.00 11 10.33 1.00
4 8.216 1.50 3 12.32 1.19
3 9.88 1.81 4 13.58 1.32
17 5.148 1.00 5 11.59 1.00
5 6.812 1.32 17 15.65 1.35
18 8.892 1.73 18 16.29 1.41
9 8.892 1.00 9 11.14 1.00
28 10.92 1.23 28 21.42 1.92
DB-5 vs DB-1701 Retention_Ratios
# comp. Authen. Auth ratio # comp. Predict Pred ratio
4 1.1979 1.00 11 2.62 1.00
11 2.6257 2.19 3 2.85 1.09
3 2.783 2.32 14 3.61 1.38
14 2.9403 2.45 4 4.01 1.53
28 2.541 1.00 9 2.85 1.00
8 2.783 1.10 8 4.26 149
9 2.8556 1.12 28 5.68 1.99
21 2.6983 1.00 21 4.15 100
7 2.8556 1.06 7 5.05 1.22
DB-1 vs DB-1701 Retention_Ratios
# comp. Authen. Auth ratio # comp. Predict Pred ratio
4 1.003 1.00 11 3.06 1.00
11 3.23 3.22 3 3.54 1.16
3 3.349 3.34 4 4.57 1.49
5 3.468 1.00 5 4.04 1.00
18 3.689 1.06 17 6.96 1.72
17 3.791 1.09 18 9.64 2.39
9 1.683 1.00 9 5.07 1.00
28 3.349 1.99 28 10.80 2.13
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Figure 6.14 The DB-5 vs DB-Wax authentication and predictive circling the congested
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Figure 6.15 The DB-1 vs DB-Wax authentication and predictive circling the congested
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Figure 6.16 The DB-5 vs DB-1701 authentication and predictive circling the congested
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Figure 6.17 The DB- 1 vsDB- 1701 authentication and predictive circling the congested
areas lignin standards would co-eluted in 1DGC chromatogram.
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6.7 GCXGC Authentication and Prediction Elution Order Inconsistencies
The GCXGC authentication of these lignin components showed vertical elution
separation inconsistencies and horizontal separation that occurred that was not predicted.
The models that were used did not take into account the functional groups affinity for the
stationary matrices. The stationary matrices used for the authentication and predictive
plots are in chapter 4. In order for a horizontal separation to occur the first dimensional
matrices most be taken into account. DB-5 is considered in the GC world a non-polar
column eluting compounds on a volatility bases. DB-5 is normally used on the first
dimension in must GCXGC analysis. The DB-5 or HP-5 matrix group is called poiy (5%
diphenyll95% dimethylsiloxane) phase. The matrixes for the DB-Wax and DB-1701 are
bonded; Carbowax (polyethyleneglycol (PEG)) and poly(14%
cyanopropylphenyll86%dimethylsiloxane) phases respectively.
TheDB-5 vs DB-Wax and DB-5 vs DB-1701 combinations were investigated in
conjunction with the lignin structures. In Figures 6.18-6.22 are the elution order of the
predictive and the GCXGC authentication.
In Figure 6.18 the column combination DB-5 vs DB-Wax as discuss in last
section elution order is inconsistent on the SD between the authentication and prediction.
The matrices being used on the SD is PEG, hydrogen bonding can occur between the
lignin components and stationary phase. In the red congested section there are three
place hydrogen bonding would occur for 5-hydroxymethyl-2-furaldehyde (14) the diols
(3,4) have two areas and phenol has one (11). The elution order observed for the
authentication is corrected. The blue congested area the prediction has sinapyl alcohol
(9) is the first component to eluted in that group on the second dimension (Figure 6.19).
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The authentication has 4-hydroxy-3,5-dimethoxybenzaldehyde (8) the first to eluted in
the blue area. The authentication is correct number 8 would elute first because the
hydroxyl group between the methoxy are forming intramolecular hydrogen bonding
which would compete with the stationary bonding. The only other bonding site is the
carbonyl which has weak affinity for hydrogen bonding. The only discrepancy is the
elution order of 28 and 9. The prediction predicted order is that 3-(4-hydroxyphenyl)
propenoic acid would be last to eluted. The acid group would have a strong affinity for
the wax phase. The authentication eluted smapyl alcohol last. The green congested area
the prediction eluted the acetosyringone first and trans-coniferaldehye second (Figure
6.20). The intramolecular hydrogen bonding between the hydroxyl the methoxyl in the
authentication are not strong enough to affect hydroxyl group affinity for the stationary
phase. There are two carbonyls and one hydroxyl group on the acetosyringone and trans
coniferaldehyde has one carbonyl and one hydroxyl group. The hydroxyl had a stronger
hydrogen bond than the carbonyl.
The combination DB-l vs DB-1701 authentication and prediction are comparison
in Figure 6.21 and 6.22. In Figure 6.21 is the red congested area. The second dimension
polarity is semipolar. The affinity the hydroxyl groups have for the wax will not be the
case. The elution order had one discrepancy if you move methylcatechol (4) to eluted
first the authentication and prediction would be the same. The diols (3,4) are not eluting
sequential order. The methoxyl groups intramolecular interaction could be the reason for
the elution order. The blue congested section the authentication eluted 3-(4-
hydroxyphenyl) propenoic acid first (Figure 6.22). The elution separation is slightly
resolved for the authentication. The prediction elution separation is distinctively resolved
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for the lignin components according to the retention ratios. The comparison of the
authentication retention ratios there were differences but no a major destination between
the lignin standards like the prediction.




















Figure 6.18 DB-5 vs DB-Wax 1DGC red























congested area elution order on SD for the




















Figure 6.19 DB-5 vs DB-Wax 1DGC blue congested area elution order on SD for the













































Figure 6.20 DB-5 vs DB-Wax 1DGC green congested area elution order on SD for the





































Figure 6.21 DB-5 vs DB-1701 1DGC red congested area elution order on SD for the















































Figure 6.22 DB-5 vs DB-1701 1DGC blue congested area elution order on SD for the
predictive and the GCXGC authentication.
The vertical separation has been accounted for however in the authentication there
was a horizontal separation that was not observed in the predictive plots. In Table 6.8 are
the FD retention time for the authentication and the KI FD for the predictive. The order











blue and green are the congested area that would be observed on a 1DGC. The blue
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congested area was the area that had the horizontal separation. The column on FD is DB
5 which is a non-polar column. The elution on the FD is normally according to volatility.
Sinapyl alcohol molecular ion is 210. It is next to the large compound under
investigation. The horizontal separation is not accounted for in the predictive because the
models used did not account for mass or molecular interaction with stationary phase.
From Table 6.8 sinapyl alcohol is eluted later because of it size and that is what the
models did not account for in their algorithm.
Tables 6.8 Lignin standards FD retention times and KI values
6.8 Authentication Resolution
Resolution is used to determine where peaks that are eluting have baseline
resolution. Equation 9 for resolution is discussion in chapter 7. The baseline resolution
is anything between 1.2 and 1.5. Anything above 1.8 or greater indicates unnecessary
Chemical Predictive DB-5vsWax DB-5vsDB-1 701
# Lignin Standards Formula mlz HP-5 KI FD Retention Time FD Retention Time
12 henol (12) C6H60 94.11 1000 11.61 11.54
I uaiacol (1) C7H802 124.14 1106 13.51 13.59
30 1,2dimethoxybenzene(30) C8H1002 138.16 1183 14.26 14.34
2 methylguaiacol (2) C8H1002 138.17 1228 15.14 15.11
14 5-hydroxymethyl-2-furaldehyde(14) C6H603 126.11 1297 15.64 15.74
4 methylcatechol (4) C7H802 124.14 1298 16.16 16.04
11 rans&cispropenylphenol(11) C9HIOO 134.18 1299 16.16 16.16
3 methoxycatechol (3) C7H803 140.14 1300 16.24 16.24
26 12,3trimethoxybenzene(26) C9H1203 168.19 1362 16.74 16.81
27 2,6 dimethoxyphenol (27) C8H1002 154.16 1391 17.36 17.49
13 acetoxybenzaldehyde (13) C9H803 164.16 1376 17.49 17.49
17 -hydroxybenzaldehyde (17) C7H602 122.12 1376 17.71 17.94
5 Vanhllin (5) C8H803 152.15 1441 18.24 18.24
18 -hydroxyacetophenone (18) C8H802 136.15 1445 18.81 18.96
19 cetovanillone (19) C9H1003 166.06 1497 19.34 19.39
28 -(4-hydroxyphenyl)propenoic acid (28) C9H1003 166.17 1697 20.11 20.29
29 ,4-methoxyacetophenone (29) C10H1203 180.2 1578 20.19 21.06
8 ringaldehyde (8) C9H1004 182.17 1701 21.46 21.46
21 cetosyringone (21) C10H1204 196.2 1781 22.24 22.36
7 ans-coniferaldehyde (7) C1OH1003 178.19 1782 22.41 22.49
25 ,4dimethoxycinnamicacid(25) C11H1204 208.21 2201 24.16 24.31
9 napyl alcohol (9) C11H1404 210.23 1705 25.09 24.89
32 4,5 trimethoxycinnamic acid (32) C12H1405 238.24 2024 25.66 25.74
separation. In Figure 6.23-6.24 are the congested areas on the 1DGC. The resolution
172
was calculated on the SD to determine if the congested areas were yielding baseline
resolution. The DB-5 vs DB-Wax and DB-5 vs DB-1701 were compared. The DB-5 vs
DB-Wax was yielding over the baseline resolution however DB-5 vs DB-1701 was not
yielding baseline resolution. The red congested area the DB-Wax on the SD yielded the
best resolution. The result for the blue and the green congested areas were same results
as the red. DB-1701 on the SD did not yield baseline resolution. In this comparison DB
5 and DB-Wax yield the best resolution in these congested areas. The column
combinations DB-1 vs DB-Wax and DB-1 vs DB-1701 resolution was compared. The
red congested area for SD DB-1701 11 and 3 were over the baseline and so was DB-Wax
4 and 11. The combination for the other lignin components could not be compared
because the components were different. DB- 1701 components were 3 and 11 and DB
Wax was 3 and 4. The resolution between them was 0.71 and 5.94 respectively. The
blue congestion area 5 and 18 components resolution for DB-Wax and DB-1701 was 1.97
and 9.29 respectively. The other components were l7and 18 for SD DB-1701 and 17 and
5 for DB-Wax. The resolutions are 0.91 and 1.24 respectively. They both were short of
baseline resolution. The green congested area the resolution for SD DB-1701 and DB
Wax are 14.83 and 4.53 respectively. The column combination with the best resolution
from this comparison is DB-1 vs DB-Wax.
Figure 6.23 The FD DB-5 and SD
values for the 1DGC congested areas.
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Figure 6.24 The FD

































DB-1 and SD DB-1701 and DB-Wax lignin standards resolution
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6.9 DZD Coefficient Compared to Linear Regression Analysis
There were four column set chosen for the analysis of identifying and characterizing
the lignin components. Two were the best from the linear model and the other two were
from the exponential model. These columns sets were chosen by the DZD Coefficient
and on a visual asset of the authentication. In chapter 6 the linear regression analysis did
not have any influence on the DZD selection. The linear regression investigated how
well the KI data fit among the columns. The Rtx-BDEX on the second dimension had
the best fit. The DZD coefficient was used on the authentication plots to see which plots
of the authentications yielded the best separation of the lignin. The rules that applied in
the beginning will apply. The column set used in this equation were the columns used for
identifying and characterizing. In Table 6.9 are the DZD values generated from the SD
retention time. The column sets with the same SD the DB-lvs Wax was better column
by a 0.38 difference. These two columns were chosen from the linear model discuss in
Chapter 6. The DZD values for column sets with DB-1701 on the SD were chosen from
exponential model. The column set with highest value was DB-1 vs DB-1701 with a
difference of 0.26. Both models agreed DB-1 on the FD dimension is the better column.
The column on the second dimension when compared the DB-1701 had the best
separation for the lignin standards. The difference between the column sets was 0.14.
The Rtx-1 and HP-5 for the linear regression KI plots had the best fit data among the KI.
In Figure 6.25 and 6.26 are the linear regressions for the column combination in Table
IX. The SD Wax column the linear fit was used and for the SD 1701 the polynomial was
used. The regression showed the column sets with DB-1701 on the SD yield the best fit.
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Table 6.9 Authentication DZD coefficients for tandem column sets.
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Figure 6.26 Linear regressions generated KI plots for exponential models column sets.
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6.10 Preliminary Non-Enriched CO2 Lignin Application
The GCXGC chromatograms in Figure 6.27 are sour orange lignin. There are two
different column combination used for the sour orange analysis. The column
combination yield good separation with lignin standards. The components identified are
circled. There are other components visible in the chromatogram but lignin standard
spiking and other analysis must be done to identify the other components.
Figure 6.27 Sour Orange Lignin application for column combination DB-5 vs DB-Wax
and DB-5 vs DB-1701 in order left to right vanillin, syringaldhyde, 4-hydroxy-3-
methoxycinnamaldehyde and 3,4 dimethoxy cinnamic acid.
CHAPTER SEVEN
VII. LIGNIN ALTERNATIVE METHOD
7.1 Introduction
The world energy crises have led to renewed interest in alternative energy sources
to fossil oils. The investigation of biomass is of greater interested as supply to energy
and as a supply source for the chemical industry. The first separation of GC/MS of wood
components was the characterization of tars (wood carbonization) .~ This study only
reported the detail analysis of polyaromatic hydrocarbons. In 1991 Rony el al’ completed
Elliott’s work by using liquid chromatographic techniques to fractionate organic matrix.
They used a combination of liquid chromatographic techniques to coupled with GC/MS
to establish an accurate characterization of the volatile components of the tar. They were
able to investigate 70 % of pyrolysis oils. In order to increase the part of the pyrolysis oil
characterization they replaced capillary GC with capillary electrophoresis.
The CE/MS lignin alternative method is due to lignin components lack of
volatility or thermodegradability in gas chromatographic analysis. Capillary
electrophoresis (CE) was employed for lignin investigation because of its unique ability
to separate charged macromolecules.2 The degradation components of wood consisted of
alkyl- and methoxyphenols, alkyldihydroxybenzenes, hydroxyl benzaldhydes and
substituted naphthols are important classes of biomass components.’ Due to the world
179
180
energy crisis, environmental concerns and the agricultural over-production the study and
separation of lignin components will aid in determining alternative for global issues.
7.1.1 Scope of the Research
Thirty-eight lignin standards were characterized by Electrospray Ionization
hyphenated Mass Spectrometer (ESI-MS) and their electrophoretic and chromatographic
behavior was investigated using CE. A total of 38 lignin compounds were considered as
model substances for the study of lignin. The goal of the project is the development of
CE-ESI-MS methodology for the characterization and identification of lignin degradation
components. For this purpose we investigated the use of Micellar ElectroKinetic
Chromatography hyphenated Mass Spectrometer (MEKC-MS) using MS compatible
polymeric surfactant as well as CZE-MS aqueous volatile buffer to compare the results
from both modes of CE-MS.
7.2 Electrophoresis and Capillary Electrophoresis
In 1930’s Arne Tiselius developed the “moving boundary” method to separate
serum proteins in solution that was later named as “zone electrophoresis”.3 Tiselius
development of the moving boundary electrophoresis method is considered as the birth of
modern electrophoresis. Between the 1940’s and 1950’s different electrophoresis modes
for example the moving boundary electrophoresis, zone electrophoresis, isoelectric
focusing, and isotachophoresis became very popular. In 1981, Jorgenson and Lukas3
demonstrated highly efficient electrophoresis separations by performing electrophoresis
in narrow-bore capillaries filled with normally in the range from 25 to 100 p.m of internal
diameter (I.D). In capillary electrophoresis (CE), the analytes positive and negative
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charged species can be separated based on their electrophoretic mobility differences.
This mode is referred to as capillary zone electrophoresis (CZE) (Figure 7.1). Due to the
lack of electrical charge, neutral molecules are not easily separated by CZE. In order to
solve this problem, charged surfactants above their critical micelle concentration (CMC)
were used by Terabe2’3 in the CE running buffer, which allows separation of uncharged
molecules along with the charged ones. In the pioneering experiments, anionic micelles








Figure 7.1 General principle of capillary electrophoresis.
7.3 CE Instrumentation
Capillary electrophoresis (CE) is a high efficiency separation technique, which
employs GC like silica capillary columns and HPLC ultraviolet detector.3 The CE
instrument consisted of high voltage power supply up to 30 kV across a fused silica
capillary externally coated with polyimide with an internal diameter (i.d.) between 20 —
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200 p.m i.d. The ends of column are submerged into two buffer reservoirs with a column
length of 50—60 cm long.
Two electrodes are connected to the power supply, and a lamp-based UV-detector.
The CE separation occurs when the capillary is filled with a desired electrolyte solution
(e.g., carbonate or acetate buffer). Next, the sample is injected and finally both ends of
the capillary and the electrodes are placed into buffer reservoirs and voltage is applied to
the system (Figure 7.2). Electroosmotic and electrophoretic are created and flow from
buffer solution transporting ionic species to a ultraviolet detector. Separation occurs






Figure 7.2 Schematic of capillary electrophoresis (CE).
183
7.3.1 CE coupled with ESI-MS
In Figure 7.3 is the entire set-up of the CE-ESI-MS. The length of the narrow
bore capillary is 120 cm. The capillary is spooled in the cassette and place in the CE.
One end of the capillary is dipped into the buffer and the other end is feed into the
electrospray nebulizer.
CE Separahon Capillary Sheath Liquid Line Sheath liquid Pump
~j~SIMS
ESI Ion Source with CE-ESI-MS Sprayer
Figure 7.3. The diagram of CE with ESI-MS with diagram of cassette.
The CE when coupled to MS uses an electrospray as ionization source. CE-MS is
the leading bioanalytical tool being used around the world. When compared to HPLC CE
provides higher separation efficiency and lower consumption of solvents and solutes.
The low consumption and nanoliter flow rate of elutent allows CE to be comparable with
electrospray ionization process which is currently used in Liquid Chromatography (LC) —
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MS. Coupling CE with a MS provides higher sensitivity and structural information for
identif~’ing unknowns. In Figure 7.4, the electrospray nebulizer (1) is present as a triple
tube, the CE capillary in the centre surrounded by two stainless steel tubes. The inner
one delivers a flow of extra solvent called the sheath liquid to make up the flow to a
suitable level. (2)The outer tube carries the nebulizer gas to assist in droplet formation.
(3)The spray cone that is formed is the process by which the solute ions are vaporized
and charges so that they can be introduce into the mass spectrometer.
I
III
Figure 7.4. CE-MS Sprayer Diagram. (Courtesy of Agilent Technologies)
7.4 Micellar Electrokinetic Chromatography
Micellar Electrokinetic Chromatography (MEKC) was introduced in 1984 by
Terabe and collaborators.2’3 They showed how regular CZE could be used in conjunction
with surfactants micelles. In the CE mode, charged and neutral compounds are






electrolyte. When surfactants are dissolved in water, the hydrogen is disrupted by the
hydrophobic group therefore increasing free energy of the system. Further studies have
shown MEKC can be used to separate charged compounds that have similar
electrophoretic mobilities, using both charged and neutral surfactants. One of the most
notable features of MEKC is that separation can be obtained due to difference in
electrophoretic mobilities, as in CZE, as well as differences in solute partitioning.3 The
same instrument that is used for (CZE) is also used for MEKC. The micellar solution
generally has a higher conductivity and hence causes a higher current than the simple
buffer does in CZE. However, MEKC separate both ionic and neutral substances, while
CZE typically separates only ionic substances.
7.4.1 Separation Principles in MEKC
The MEKC technique, contingency are between the species differential partition.
The differential partition has a two-phase system aqueous or hydrophilic and micellar or
hydrophobic. These macromolecules act as pseudostationary phase allowing partition to
occurring between micelles and the buffer mobile phase. The micelles are constructed
with a polar head group and a non-polar hydrocarbon tail these components make an
aggregation of surfactant molecules. The end groups of the surfactants forms a
macromolecule that have different charge head groups with various lengths of long chain
hydrophobicity and hydrophilicity. The surfactants are into four classified group
according to their head group charge: anionic, cationic, zwitterionic and nonionic.
MEKC advantages over CZE was discuss earlier is due to it ability to separate
both charge and neutral species. This is an advantage with lignin component because
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some the standards are neutral. However, migration time of solutes in CZE are easy and
quick but MEKC hardest and slowest.
A representation of the separation principle of MEKC is demonstrated in Figure
7.5. When a chiral polymeric anionic surfactant such as polysodium N
undecenoxycarbonyl-L-leucinate (poly-L-SUCL) is employed, the micelle migrates
toward the anode (injection end) by electrophoresis. The EOF transports the bulk
solution toward the negative electrode due to charge on the surface of fused silica. The
EOF is usually stronger than the electrophoretic mobility of the micelle, under alkaline
conditions the anionic micelle also travels toward the cathode (detection end) with a
slower velocity.2 When analyte is injected into the micellar solution, a portion of it is
included into the micelle and it migrates at the velocity of the micelle. The remaining
fraction of the analyte remains free from the micelle and migrates either with the
electroosmotic flow (neutral analyte) or with electrophoretic mobility (charged analyte).
The greater the percentage of analyte that is distributed into the micelle, the slower it
migrates.2’ 3 The analyte must migrate at a velocity between the electroosmotic flow




Electrophoretic Velocity of Micelle
I
Analyte
Figure 7.5 Separation principle of MEKC under normal polarity conditions.
7.4.2 Surfactant (poly-L-SUCL) N-undecynoxycarbonyl-L-leucinate
The surfactant used in this separation was synthesis from the monomeric
surfactant polymerized to a micelle poly-L-SUCL. Akbay et al was one of the first to
investigated the effect of hydrocarbon chain length on chemical selectivity in MEKC for
a chiral separation of 36 benzene derivatives using polymeric sulfated surfactants.4’5 The
hydrogen bond acceptor and donor benzene derivatives had significantly higher
selectivity for long hydrocarbon chains. The study was the reason poly-L-SUCL was
chosen for the MEKC analysis. In Figure 7.6 is the monomer N-undecynoxycarbonyl-L

















7.5.1. Chemicals and Samples
Lignin standards and tree lignin samples were purchased from Sigma—Aldrich,
Fisher Scientific and donated by Forest Products Laboratories. The HPLC grade organic
solvents [methanol (MeOH)], as well as the ammonium hydroxide (NH4OH), were all
purchased from Fischer Scientific (Fair Lawn, NJ). Ammonium carbonate (NH4)2C03
was purchased from Aldrich (99.5% Milwaukee, WI). The ammonium acetate (NH4OAc)
was obtained from Sigma (St. Louis, MO) as a 7.5M solution. All water used in the
project was purified using a Barnstead Nanopure llWater System (Bamstead
International, Dubuque, LA).
7.5.2 Preparation of CZE, MEKC Buffers and Analyte Mixtures
For separation of lignin standards mixture, lignin standard isobaric and lignin
application, running buffers at basic pH range (pH 8.2.-i 1.0) were prepared by dissolving
either 15, 25 or 30 mM amrnonium carbonate in water and titrating with 7% NH4OH to
the desired pH. The desired pH value of all buffers was obtained before the addition of
polymeric surfactants. All buffer solutions were filtered through a 0.45 jim Nalgene
syringe filter (Rochester, NY). The running MEKC buffer solution was prepared by
addition of specific amount of surfactants to the buffer solution, followed by
ultrasonication for about 25-30 minutes. CZE and MEKC (non-organic) did not use
solvent. CZE and MEKC (organic) use solvent.
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7.5.3 CEC—ESI-MS Instrumentation
The experiments were carried out using an Agilent capillary electrophoresis
(Agilent Technologies, Palo Alto, CA) instrument hyphenated to an Agilent 1100 series
single quadrupole MS. The interface of the CE to MS was made possible by a G1603A
CE—MS adapter kit and a G1607 CE—ESI-MS sprayer kit also provided by Agilent
Technologies. The sheath liquid was delivered to the ESI by an Agilent 1100 series
HPLC pump equipped with a 1:100 splitter. All instrument controls and data analysis,
including resolution calculations, was carried out using Agilent Chemstation and CE—MS
add-on software (version 10.02).
7.5.4 Separation Conditions
The sheath liquid was MeOHIH2O (80:20, v/v) containing 4mM NH4OAc
delivered at 5.0 L/min. ESI-MS was conducted in the negative and positive ion mode,
and the capillary voltage was +3500 V, fragmentor voltage was set at 70 V, drying gas
flow rate was 5 L/min, drying gas temperature was 150 oC, and the pressure of the
nebulizing gas was set at 4 psi. Because the lignin standards are anion in solution and gas
phases, negative [M-H]- ions were monitored in the selective ion monitoring (SIM)
mode. All mobile phases consisted of various volumetric ratios of MeOH, HOAc, and
ammoniumn carbonate and were prepared fresh daily. The stock solutions of lignin
standard were prepared by dissolving in MeOH at a 10- 2.2 mg/mL concentration. They
were then diluted with MeOH and H20 to a running concentration for each of the
standards.
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7.5.5 Capillary Electrophoresis Procedures and Calculations
The capillaries for all MEKC experiments were prepared by flushing with 7%
NH4OH for 30 mm at 25 °C followed by 30 mm rinse with triply deionized water at 25 °C.
Between each injection, the capillary was flushed with 7% NH4OH and H20 for 3 mm
each (order H20-NH4OH-H20). Separations began after a 3 mm rinse with the flush
buffer. All separations were performed at +25 kV and at 25°C. Surfactant poly-L-SUCL
was run with a new capillary open tubular column 49 i.d x 120cm (cut to the same length
from the same capillary bundle) and preconditioned using the identical flushing
procedure as mentioned above. Isomer resolution (R~) of lignin isomers were calculated
by using the peak width at half height method:
R = (2.35 I 2)(tr~ — tn) Equation (9)~ ‘~O(1) +
W50 (1) and W50 (2) are the widths at 50% height for peak 1 and 2, respectively. The
selectivity (a) is defined as t2/t1, where t1 and t2 are the migration times of the first and
second eluting isobaric compound.
7.6 Results and Discussion
The structures of the lignin standards used in these investigations are in Figure
7.7-7.11. The structures are label with the pKa values (if known), Log P values (if
known), chemical formulas and molecular weights. ChemDraw Ultra Version 6.0.1
made by Cambridgesoft (Cambridge, MA 02140) was used to create these structures.
The log P, pKa values, and chemical formula are obtained from SciFinder Scholar
Database, Chemdraw and NIST.
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Chemical Formula: C1 1H1404
CAS: 537-33-7
Molecular Weight: 210.23








m1z: 126.03 (100.0%), 127.04 (6.7%)


























































































Chemical FornEla: C8H80 Hyxyacetophenone
CM: 2628-17-3 Chemical Foimila C8H802 4-hyditxy-3-n~thoxycinnanic acid
Molecular Weight: 120.15 CM:99-93-4 Chemical Fomiula: C10H1004
m’z: 120.06 (100.0%), 121.06(8.8%) Molecular Weight 136.15 CM: 537-98-4
m’z: 136.05 (100.0%), 137.06(8.8%) Molecular Weight: 194.18












m’z: 168.04 (100.0%), 169.05 (8.9%), 170.05(1.2%)
Figure 7.8 Lignin Standards #8-#1 8 structures label with pKa values, Log P, chemical







m~z: 124.05 (100.0°/c), 125.06(7.7%)












m’z: 124.05 (100.0%), 125.06
(7.7%)










3,4 din~thoxy cinnanic acid
Chemical Fomiila C1 1H1204
CAS: 2316-26-9
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Molecular Weight: 122.12 l-(4-hydroxy-3,5-din~thoxypheny1)ethanone Syflflglc acid
m(z: 122.04(100.0%), 123.04(7.7%) Chemical Formila: C10H1204 4-hydroxy-3,5-din~thoxy-benzoic acid
CAS: 2478-38-8 Chemical Fornijla: C9H1005
Molecular Weight: 196.2 CAS: 530-57-4
m1z: 196.07 (100.0%), 197.08 (11.1%), 198•08 (1.4% ~l ilar Weight. 198.17













m”z: 178.06 (100.0%), 179.07(1 1.0%), 180.07(1.2%)
Molecular Weight: 150.17





m1z: 208.07 (100.0%), 209.08(12.2%), 210.08(1.5%)
Figure 7.9 Lignin Standards #19-#28 structures label with pKa values, Log P, chemical
formula and molecular weight.
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CAS: 91-10-1 Molecular Weight: 166.17
Molecular Weight: 154.16 rn1z: 166.06(100.0%), 167.07 (10.0%),





m/z: 238.08 (100.0%), 239.09 (13.3%), 240.09(1.8%)
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m’z: 196.07 (100.0%), 197.08(11.1%), 198.08 (1.4%)
Figure 7.10 Lignin Standards #29-#35 structures label with pKa values, Log P, chemical





























Chemical Forrmla: C17H20C)5 Log P: 2.49
Ivkilecular Weight: 304.34




I~ Chemical Forrr,jla C~H~C)7
I Exact Mass: 416.18
Molecular Weight: 416.46
rn~z: 416.18 (100.0%), 417.19 (25.5%), 418.19 (4.5°Zo)
4-(6-(3,5-dirr~thoxyphenyl)-3,7-dioxa-bicyclo[3.3. 1Jnonan-2-yl)-2,6-dmi~thoxyphenol
Figure 7.11 Lignin Standards #3 6-#3 8 structures label with pKa values, Log P, chemical
formula and molecular weight.
The lignin standards were mix to develop a CE-MS method that would separate
sour orange lignin. A buffer study, pH study and varies concentrations of a buffer study
was investigated. In Figures 7.12-7.13 are the electropherograms of the (Total Ion
Count) TIC and the Ultra-violet (UV) spectra for the pH study and the buffer study. The
electropherograms show a decrease in abundance as the pH increase. The buffer study
shows the difference in the number of peaks for both buffers investigated. In the TIC the
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peaks get sharper as the pH increase. These studies were necessary to determine the
parameters for the separation of the lignin components.
From these studies the lignin isobaric components were investigated in CZE mode
and MEKC mode. The experimental conditions for the CZE and MEKC are in Table 7.1.
The MEKC group study look at the migration times of 3 to 5 lignin standards group
Table 7.1 Experimental conditions for the CZE and MEKC.
Grouping Prelim STY MEKC (aqueous) CZE (aqueous) MEKC (ACN) organic CZE (ACN) organic
MEKC ISOMER STUDY ISOMER STUDY modifier ISOMER modifier ISOMER STY
STY
Concentration 0.2-2mg/mi 0.297mg/mi 0.297mg/mi 0.297/ 0.300mg/mi 0.297/ 0.300mg/mi
Samples 1-4,5-7,8-12, 13-17, MW: 120(14,7), 124 MW: 120 (14,7), 124 MW: 120 (14,7), 124 MW: 120(14,7), 124
18—22, 23—26&28, (1,19,21), 138 (1,19,21)138 (1,19,21), 138 (1,19,21), 138
29-33&27 (8,12,20)164(2,10), (8,12,20)164 (2,10), (8,12,20)164(2,10), (8,1 2,20),1 64(2,10),
166(331), 168 (18,29), 166 (3,31)168 166(3,31), 168 166(3,31), 168 (18,29),
180(13,33), 182 (6,37), (18,29), 180 (18,29), 180(1333), 182 (637),
196(23,35), 208 (28,37) (13,33)182 (6,37), 180(13,33)182 (6,37), 196 (23,35), 208 (2837)
196(23,35)208 196(23,35)208
(2837) (2837)
Injection Size l0Mbar20sec 5mbar lOsec 5mbar lOsec 5mbarl0sec 5nibar lOsec
SMbar lOsec
CE Cass. Tape 25oC Cass. Tape 25oC Cass. Tape 25oC Cass. Tape 25oC Cass. Tape 25oC
Instrument column voit. +25kV coiumn volt. +25kV column volt, +25kV column volt. +25kV column voit. +25kV
Conditions:
Mass Spec. 5 L/min, 4 psi, l5OoC, 5 L/min, 4 psi, 150oC, - 5 L/min, 4 psi, 150°C, 5 L/min, 4 psi, 150°C, 5 L/min, 4 psi, 150°C,
Conditions: -3500 SiM gain 2 3500 SIM gain 1 -3500 SiM gain 1 -3500 SiM gain 1 -3500 SiM gain 1
DG flow; neb frag.Voit 70 V neg frag.Voit 70 V neg mode frag.Voit 70 V neg frag.Voit 70 V neg frag.Voit 70 V neg mode
pres.; dg mode mode mode
temp.;
capillary volt.
Buffer Sol, 10mM (NH4)2C03 30mM (NH4)2C03 30mM (NH4)2C03 30mM (NH4)2C03; 30mM (NH4)2C03
(BS) 20% MeOH; 80% H20 30%ACN, 70%H20 30%ACN; 70%H20
Surfactant 20mM in 10 mi (BS) 25mM in 25 ml (BS) 25mM in 25 mi (BS)
Poly-L-SUCL
Dilution Total 1 00~Lea]Tot, 500~J. Total 200 i’~~ -500 ~L Totai 200 ~L -500 ~L Total 200~L -500~L Total 200~L -500~L
*Sheath 4mM NH4OAce 4mM NH4OAce 4mM NH4OAce 4mM NH4OAce 4mM NH4OAce
Liquid 80% MeOH 20%H20 80% MeOH 20% H20 80%MeOH 20%H20 80%MeOH 20% H20 80%MeOH 20% H20
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Figure 7.12 The electropherograms of the TIC and (UV) spectra for the buffer study.
Conditions: Buffer Sol: 15 mM (NH4)2C03; pH 9.5 Inj.size: 5mbarlOs; CE instrument:
25°C, +25kV; spray chamber: DG flow 5L/min, pres.4 psi, temp. 150°C; MS:-3500 gain
2 fragVolt. 70V neg. mode; Sheath liquid: 4mM NH4OAce 80%20% MeOH!H20.
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Figure 7.13 The electropherograms of the TIC and (UV) spectra for the pH study.
Conditions: Buffer Sol: 15 mlvi (NH4)2C03; pH 9.5 Inj.size: 5mbarl0s; CE instrument:
25°C, +25kV; spray chamber: DG flow 5L/min, pres.4 psi, temp. 150°C; MS:-3500 gain
2 fragVolt. 70V neg. mode; Sheath liquid: 4m1\4 NH4OAce 80%20% MeOH!H20.
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together. The MEKC organic or non-organic experiments were conducted on isobaric
compounds that were not separated in the CZE mode. In Figures 7.14-7.15 are some of
the isobaric compounds investigated. The molecular weights of the isobaric compounds
were 120, 124, 138, 164, 166, 168, 180, 182, 196 and 208. Figure 7.11 and 7.12 are mlz
123 and mlz 137. Number 1, 19 and 21 were mix and number 8, 12 and 30 were mix
together. These compounds were mix together to determine the migration order of the
isobaric compounds. Each of these ions has three compounds with the same mlz ratio.
Two to three peaks were observed in the UV and two are observed in the MS. In this
study there were also lignin standards that were not abundance in the negative mode. In
Figures 7.15 are the mixture of the two isobaric compounds mlz 167 and m!z 179. One
of the components is abundant in the positive mode for each. In the UV two peaks are
observed and one peak observed in the MS. The peaks observe in the MS are #18 for mlz
167 and #13 for mlz 179. There were 22 isobaric compounds out of 38 lignin standards.
MEKC was employed on some of the remaining isobaric compounds that would not
separate using CZE. Some of the components chemical names were unknown but we
identified the mass using ESI direct infusion. In Table 7.2 are the lignin standards ESI
direct infusions for the negative mode and a selected number of lignin standards for
positive mode. The direct infusion revealed whether the components were abundant in
the positive or negative mode, whether the lignin components had more than one mass
ion. The lignin components highlighted in yellow are more abundant in positive mode.
The lignin components with low abundance in the negative mode were investigated. The
lignin component highlighted in grey has not negative mode molecular ion. Number 10
has mlz 136 and 179 in the positive mode. There mlz is [M-28] and [M+15] respectively.
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Table 7.2 Lignin standards ESI direct infusions for the positive and negative mode.
EC Lignin Standards MW Formula CAS [M-Hj [M+H]
I Guaiacol 124.1 C7H802 90-05-1 1126 73
2 p-Coumaric acid 164.1_ C9H803 7400-08-0 241472
3 Acetovanillone 166.1 C9H1003 498-02-2 258688
4 Sinapyl alcohol 210.2 C11H1404 6627-88-9 14367
5 Vanillin 152.2 C8H803 121-33-5 114720
6 Syringaldehyde 182.2 C9H1004 134-96-3 78104
7 5-(Hydroxymethyl)furlural 126.1 C6H603 7-47-0 1088 199808
8 2-methoxy-4-methyl Phenol 138.2 C8H1002 3-51-6 1169 400
9 3-methoxycatechol 40.1 C7H803 34-00-9 87448
10 4-acetoxybenzaldehyde 64.2 C9H803 78-00-2
11 2-Propenyl Phenol 34.2 C9H100 6380-21-8 85816
12 1,2 Dimethoxy benzene 38.2 C8H1002 91-16-7 67848 22088
13 Coniferyl alcohol 80.2 C10H1203 458-35-5 18920
14 4-Vinyl phenol 120.1 C8H80 2628-17-3 53240
15 Hydroxyacetophenone 136.2 C8H802 99-93-4 212608
16 4-Hydro-3-methoxycinnamic acid 194.2 CIOH1004 537-98-4 91472
17 Phenol 94.1 C6H60 108-95-2 3263
:~ 8 4-hydroxy-3-methoxybenzoic acid 168.2 C8H804 121 -34-6 68512
19 3-methyl catechol 124. — C7H802 488-17-5 171712
20 4-hydroxybenzoic acid 138. — C7H603 99-96-7 77152
21 2-hydroxybenzyl alcohol 124. — C7H802 90-01 -7 133632
22 4-hydroxybenzyl aldehyde 122.. C7H602 123-08-0 466880
23 Acetosyringone(3,5dime-4-hyd-acetophenone) 196.2 Cl OH 1204 2478-38-8 67800
24 Syringic Acid 198.2 C8H1005 530-57-4 54496
25 4-hydroxy-3-methoxycinnamaldehyde 178.2 Cl OH 1003 458-36-6 159104
26 1-(4-hydroxy-2-methylphenyl)-ethanone 150.2 C9H1002 875-59-2 186432
27 glycolaldehyde 120.1 C4H804 23147-58-2 3068
28 3,4dimethoxycinnamicacid 208.2 C11H1204 2316-26-9 93000
29 1,2,3-trimethoxy benzerie 168.2 C9H1203 634-36-6 280384
30 2,6 dimethoxy Phenol 154.2 C8HIOO2 91-10-1 5378
31 3-(4-hydroxy phenyl)propionic acid 166.2 C9H1003 501-97-3 165184
32 3,4,5-trimethoxy cinnamic acid 238.2 C12H1405 33130-03-9 109576
33 ~,4-dimethoxyacetophenone 180.2 C1OHI2O3 1131-62-0 • 149120
34 6,6’dihydroxy-5,5dimethoxy-biphenyl-3,3-dicarb 302.0 Cl 6H1 406 42776
35 3-(4-Hydroxy-3-methoxyphenyl)propanoic acid 196.0 C1OH 1204 1135-23-5 85560
36 3-hydroxy-1 -(4-hydroxy-3-methoxyphenyl)- 318.1 Cl 7H 1806 84440
2-(2-methoxyphenoxy)-propan-1 -one
37 Syringaresinol 418.0 C23H2807 4988 781
38 1-(4-hydroxyphenoxy)-2-(4-methyl-2-methoxy 304.1 C17H2005 75296
phenoxy)-1 ,3-propandiol
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Figure 7.14 Three isobaric compounds with a mlz of 123 and m!z of 137 investigation.
Conditions: Buffer Sol: 30 mM (NFL1)2C03; pH 9.5 Inj.size: 5mbarl0s; CE instrument:
25°C, +25kV; spray chamber: DG flow 5L/min, pres.4 psi, temp. 150°C; MS:-3500 gain
2 fragVolt. 70V neg. mode; Sheath liquid: 4mM NH4OAce 80%20% MeOH/H20.
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Figure 7.15 Two isobaric compounds with a mlz of 137 and m!z of 179 were
investigation. Conditions: Buffer Sol: 30 mlvi (NH4)2C03; pH 9.5 Inj.size: 5mbarl0s; CE
instrument: 25°C, +25kV; spray chamber: DG flow 5L/min, pres.4 psi, temp. 150°C;
MS:-3500 gain 2 fragVolt. 70V neg. mode; Sheath liquid: 4mM NH4OAce 80%20%
MeOH/H20.
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A MEKC lignin group study was conducted (Figure 7.16-7.19). The lignin
standards were group together. The conditions for the MEKC lignin study was are in
Table 7.1. A HP3D CE instrument in combination with a Mass Spectrometry was used
for capillary electrophoretic investigations. The separations were carried out in fused
silica capillary with total length of 120cm, a length of 60cm to the UV detector and an
inner diameter of 50 mm. Carrier electrolytes for MEKC consisted of 10 mlvi
Ammonium Carbonate buffer containing 20mM Poly-L-SUCL 20% methanol and were
adjusted to a pH of 9.5 with 7% Ammonium Hydroxide. The sheath liquid containing
80/20 MeOH/H20 delivered at 5 mL/min; spray chamber set to drying gas flow of 5
mllmin, nebulizer pressure of 4 psi, and drying gas temperature of 150°C. The mass
spectrometry parameters were injection 5Mbar, 1 Osec; CE instrument conditions: +25kV
25oC, SIM, gain 2, fragmentor voltage 70V and negative mode. The lignin standards
concentration varied from 2mg/ml to 0.2 mg/ml. The MEKC group study numbers 3 and
4 lignin components were separated and identified. Numbers 1 and 4 guaiacol and
sinapyl alcohol there were eluting together. Group #5 - #7 lignin components number 6
and 7 were identified and separated. Number 7 5-(Hydroxymethyl)furfural was not
observed in the negative mode but was abundant in the positive mode. This component
must be run in the positive mode on the MS. Group #8 - #12 had two lignin components
with the same molecular ion. Number 10 had a peak observed but that was
contamination. In the direct infusion 10 had other molecular ions observed but 163 mlz
was never observed in the direct infusion. Numbers 8, 9, 12 were not resolved however,
#11 was resolved 2-propenyl Phenol. Lignin standard #13 - #17 all were separated
except numbers 13, 17. Phenol (17) and Coniferyl alcohol (13) eluted together. MEKC
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group #18 - #22 had two isobaric compounds included in this group. The isobaric study
was done prior and the two peaks were separated and identified. The first peak is 2-
hydroxybenzyl alcohol and second peak 3-methyl catechol. Number 22, 18 and 20 were
resolved. Group #23-#26 and #28 were not resolved. Number 24 was separated and
identified but numbers 23, 25, 26 and 28 were not resolved. Numbers 26 and 28 were
identified. Numbers 23 and 25 are co-eluting. Separations were observed for number 30,
32, 31. Numbers 29 and 33 were abundant in the positive mode. MEKC group #34 - #38
will were all separated expected #37. Number 38 was not observed in the positive mode.
There was a group study done in the positive mode of the lignin standards not being
observed in the negative mode. Numbers 7, 12, 29 and 33 peaks were observed for each
of these lignin standards (figure not shown). The lignin components not resolve from this
group study was lignin numbers 1, 4, 8, 9, 13, 17, 23 and 25.
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Figure 7.16 MEKC group study TIC (A) #1-#4 and (B) #5-#7. Conditions: Buffer Sol:
10mM (NH4)2C03; pH 9.5 Inj.size: 5mbar5s; CE instrument: 25°C, +25kV; spray
chamber: DG flow 5L/min, pres.4 psi, temp. 150°C; MS:-3500 gain 2 fragVolt. 70V neg.
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Figure 7.17 MEKC group study TIC (C) #8-#12 and (D) #13-#16. Conditions: Buffer
Sol: 10mM (NH4)2C03; pH 9.5 Inj.size: 5mbar5s; CE instrument: 25°C, +25kV; spray
chamber: DG flow 5L/min, pres.4 psi, temp. 150°C; MS:-3500 gain 2 fragVolt. 70V neg.
mode; Micelle: 20mM Poly-L-SUCL; Sheath liquid: 4mM NH4OAce 80%20%
MeOHIH2O.
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Figure 7.18 MEKC group study TIC (E) #18-#22 and (F) #23-#26 & 28. Conditions:
Buffer Sol: 10mM (NH4)2C03; pH 9.5 Inj.size: 5mbar5s; CE instrument: 25°C, +25kV;
spray chamber: DG flow 5LImin, pres.4 psi, temp. 150°C; MS:-3500 gain 2 fragVolt.
70V neg. mode; Micelle: 20mM Poly-L-SUCL; Sheath liquid: 4mM NH4OAce 80%20%
MeOH/H20.
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Figure 7.19 MEKC group study TIC (G) #29-#33 and (H) #34-#38. Conditions: Buffer
Sol: 10mM (NH4)2C03; pH 9.5 Inj.size: 5mbar5s; CE instrument: 25°C, +25kV; spray
chamber: DG flow 5L/min, pres.4 psi, temp. 150°C; MS:-3500 gain 2 fragVolt. 70V neg.
mode; Micelle: 20mM Poly-L-SUCL; Sheath liquid: 4mM NH4OAce 80%20%
MeOH/H20.
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Based on the optimizing of the CE parameters CZE and MEKC was employed to
investigate the sour orange lignin application. Some investigation was done on the lignin
application. The work is not conclusive. The UV spectra are clear but not fully separated
and the MS spectra no peaks were observed. Lignin is a polymer this could be a reason
why the MS spectra is not observed for sour orange lignin.
7.7 Conclusions
CE-ESI-MS can be employed to separate lignin components. The ammonium
carbonate and pH 9.5 work best for separation the lignin mixture. The low concentration
of surfactant was best when separating these components. Lignin is a cross link polymer.
Acquiring a degradative analysis like thioacidolosis, pyrolysis and nitrobenzene reduction
will allow separation of lignin components.
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CHAPTER 8
VIII. CONCLUSION
Two models (Al and As’) were used to generate predictive plots. These models
are mathematically expressed as the linear model (Al) and the exponential model (A~).
The predictive generated plots used the kovats indices of the lignin standards to predict
the GCXGC authentication chromatograms produced during analysis. An algorithm
called Dispersion Zone Density coefficient was developed to determine which column
sets from the predictive plots from both models would produce the best separation for the
23 lignin standards. Five colunm sets were chosen for each model. The linear regression
was calculated for the generated KI plots. The KI data generated from the 1DGC was
used to see how the data from each column fit. The percent difference and percent error
showed that there were some discrepancies between the authentication and the predictive
separation on the second dimensional columns. These discrepancies could also be
attributed to the scaling done in order to measure the predictive and authentication on the
same scale. From this analysis percent error and the percent difference it was determined
that the AT model and AAI can only be used a rubric. The DZD coefficient initial rule for
the largest DZD could not be used as the final determination for AM. The third highest
DZD coefficients for each group of tandem column sets for the exponential model were
used. The lignin acid components were predicted to have a longer retention time on the
SD column causing the other lignin standards to look congested in the predictive plots.
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The GCXGC authentication showed good separation for both models. Two column sets
from each model were used for the characterization and identification. The lignin
standards functional groups were investigated to observe if there were trends or patterns
observed on the SD. There were no obvious trends observed for the functional groups or
for the number of methoxyl groups in the compound. The 1DGC congested areas were
investigated to look at the interaction of lignin on the stationary matrices of the column.
The congested areas are components that would co-elute in 1DGC. The column
combinations were DB-5 vs DB-Wax and DB-1 vs DB-1701. The GCXGC
authentication and the prediction elution order for the DB-5 vs DB-Wax were different
for each congested area. With the DB-1 vs DB-1701 the only difference in the
authentication and the prediction elution order is the last or the first compound eluted.
The resolution for column combinations DB-5 vs DB-Wax were compared to DB-5 vs
DB-1701 and DB—1 vs DB-Wax were compared to DB-l vs DB-1701. The resolution
data showed that for the congested areas DB-l vs DB-Wax had better resolution for the
lignin standards. This linear regression was used after the DZD was calculated for the
authentication. The linear model was chosen by DZD coefficient and the exponential
was the best out of three highest DZD. The linear regression results showed the
authentication linear model column set DB-1 vs DB-Wax had the best separation than the
DB-5 vs DB-Wax. The GCXGC authentication column set for the exponential models
DB-l vs DB-1701 yield the best separation than DB-5 vs DB-1701. Both models chose
the same FD column DB- 1. The best separation column set between the two models was
DB- 1 vs DB- 1701. The data was consistent and had a better fit.
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In conclusion, linear and the exponential models used in this study can be used as
a rubric to select columns for lignin investigation. The algorithm developed was
consistent with the results and can probably be further investigated on other complex
compounds. After looking at the resolution of congested areas found in 1DGC, the
column combination that is best for separating lignin standards is DB-1 vs DB-Wax. The
linear regression selected the DB- 1 vs DB- 1701.
Capillary Electrophoresis-Mass Spectroscopy was investigated as an alternative
method. There were 22 lignin standards that had the same molecular weight. Some of
these isobaric compounds had the same elution time so MEKC was used to see if further
separation could be done. CE-ESI-MS can be employed to separate lignin components.
The ammonium carbonate and pH 9.5 work best for separation the lignin mixture. The
low concentration of surfactant was best when separating these components. Acquiring a
degradative analysis like thioacidolosis, pyrolysis and nitrobenzene reduction will allow
separation of lignin components. Conditions: Buffer Sol: 15 mM (NH4)2C03; pH 9.5
Inj.size: 5mbarl0s; CE instrument: 25°C, +25kV; spray chamber: DG flow 5L/min,
pres.4 psi, temp. 150°C; MS:-3500 gain 2 fragVolt. 70V neg. mode; Sheath liquid: 4mM
NH4OAce 80%20% MeOHJH2O. A publication on the development of lignin
methodology will follow this dissertation.
